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METHODS OF MEASUREMENT FOR 
SEMICONDUCTOR MATERIALSy PROCESS CONTROL, AND DEVICES 

Quar t e r ly  Report 
Apr i l  1 t o  June 30, 1969 

ABSTRACT 

This q u a r t e r l y  progress  r e p o r t ,  four th  of a series, 
descr ibes  NBS a c t i v i t i e s  d i r ec t ed  toward t h e  development 
of methods of measurement f o r  semiconductor materials, 
process con t ro l ,  and devices.  P r i n c i p a l  emphasis is 
placed on measurement of  r e s i s t i v i t y ,  carrier l ifetime, 
and electrical inhomogeneities i n  semiconductor c r y s t a l s ;  
eva lua t ion  of w i r e  bonds; and measurement of thermal pro- 
p e r t i e s  of semiconductor devices.  Other t a s k s  involve 
s tudy of i n f r a red  measurement methods, deep-lying impur i t ies  
i n  InSb, gold i n  s i l i c o n ,  and high f i e l d  effects; e s t ab l i sh -  
ment of a processing f a c i l i t y ;  evaluat ion of aluminum metal- 
l i z a t i o n  and wafer d i e  attachment; review of NASA measure- 
ment methods; and measurement of Hall effect i n  semi- 
conductor c r y s t a l s ,  second breakdown i n  t r a n s i s t o r s ,  and 
noise  i n  microwave diodes. Related p ro jec t s  on s i l i c o n  
nuc lear  r a d i a t i o n  de tec to r s  and s p e c i f i c a t i o n  of germanium 
are a l s o  described. 
committee a c t i v i t i e s ,  t e c h n i c a l  s e rv i ces ,  and publ ica t ions  
are included as appendixes. 

Supplementary da t a  concerning s ta f f ,  

Key Words: 
prope r t i e s ;  gamma de tec to r s ;  germanium; gold-doped s i l i c o n ;  
indium antimonide; me ta l l i za t ion ;  methods of  measurement; 
microelectronics;  nuclear  r a d i a t i o n  de tec to r s ;  r e s i s t i v i t y ;  
semiconductor devices;  semiconductor materials; semiconductor 
process cont ro l ;  s i l i c o n ;  thermal r e s i s t ance ;  thermographic 
measurements ; w i r e  bonds. 

carrier l ifetime; d i e  attachment; electrical 

1. INTRODUCTION AND HIGHLIGHTS 

This is t h e  four th  qua r t e r ly  r epor t  t o  t h e  sponsors of t h e  J o i n t  
Program on Methods of Measurement f o r  Semiconductor Materials, Process 
Control,  and Devices. 
have been i d e n t i f i e d  as p a r t s  of t h e  Program. 
with methods of measurement f o r  ma te r i a l s ;  s ec t ions  11 through 15,  with 

The r epor t  i s  subdivided according t o  t a s k s  which 
Sect ions 2 through 10 d e a l  
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1. INTRODUCTION AND HIGHLIGHTS 

methods of measurement f o r  process con t ro l ;  and sec t ions  16  through 20, 
with methods of measurement f o r  devices.  

Ac t iv i ty  is under way on s e v e r a l  d i f f e r e n t  methods fo r  measucing 
r e s i s t i v i t y .  Following t h e  dec is ion  las t  q u a r t e r  t o  r e d i r e c t  t h e  empha- 
sis from s t u d i e s  of t h e  voltage-breakdown method f o r  measuring r e s i s t i v -  
i t y  of e p i t a x i a l  l aye r s  t o  s t u d i e s  of  t h e  spreading r e s i s t a n c e  and 
capacitance-voltage techniques f o r  t h i s  measurement, e f f o r t  on t h i s  t a s k  
has been expanded with t h e  addi t ion  of a new staff member. 
t r a d i t i o n a l  four-probe method f o r  measuring r e s i s t i v i t y  i s  continuing. 
round robin  being conducted with ASTM Committee F-1 f o r  t h e  purpose of 
extending t h e  range of a p p l i c a b i l i t y  of t h e  s tandard  method t o  higher  
and lower r e s i s t i v i t y  values  i s  nea r ly  complete, and the  C o m m i t t e e  has 
expressed an i n t e r e s t  i n  f u r t h e r  s t u d i e s  t o  extend t h e  range up t o  t h e  
10,000 Q-cm material which is s u i t a b l e  f o r  f a b r i c a t i o n  of s i l i c o n  nuclear  
r a d i a t i o n  de tec tors .  
measurements on e p i t a x i a l  and d i f fused  l aye r s  is a l s o  continuing. 

Work on t h e  
A 

The d e t a i l e d  s tudy of t h i s  method as appl ied  t o  

Carrier lifetime is  highly s e n s i t i v e  t o  t h e  presence o f  impur i t ies  
which may not  affect t h e  r e s i s t i v i t y  of a semiconductor bu t  which c a n .  
adversely affect t h e  performance of t r a n s i s t o r s  and o the r  minori ty  car- 
r ier devices.  
device s t r u c t u r e s  are e s s e n t i a l  t o  an understanding of t h e  inf luence  of 
both natural ly-occurr ing and neutron-induced recombination and t rapping  
cen te r s  i n  s i l i c o n .  Severa l  d i f f e r e n t  methods f o r  measuring carrier 
l i f e t i m e  i n  semiconductors are being s tudied .  A r ev i sed  procedure f o r  
making l ifetime measurements by t h e  photoconductive decay method is  being 
prepared f o r  t h e  considerat ion of ASTM Committee F-1. Sign i f i can t  i m -  
provements have been made i n  t h e  hardware a s soc ia t ed  with t h e  steady- 
s ta te  photomagnetoelectric-photoconductivity equipment. The scope of  
t h i s  t a s k  is  being extended t o  include considerat ion of l ifetime measure- 
ments i n  device s t r u c t u r e s ,  such as t r a n s i s t o r  base regions,  as w e l l  as 
on bulk c r y s t a l s .  

Methods f o r  comparing lifetime i n  bulk c r y s t a l s  and i n  

The work on t h e  deep-lying de fec t  i n  indium antimonide is near ing 
completion, 
thought t o  occur i n  t h e  indium sub- l a t t i ce .  This conclusion is based on 
t h e  r e s u l t s  of r e s i s t i v i t y ,  H a l l  c o e f f i c i e n t ,  and carrier l ifetime meas- 
urements on h i g h - r e s i s t i v i t y  indium antimonide specimens before  and after 
t h e  in t roduct ion  of  l i thium. Although t h i s  s tudy,  which has been con- 
ducted as a doc to ra l  t h e s i s  t o p i c ,  is not  appl icable  t o  cha rac t e r i za t ion  
of  s i l i c o n ,  it does provide new i n s i g h t  i n t o  t h e  p rope r t i e s  of 1 1 1 - V  
compounds. 

The de fec t  has been i d e n t i f i e d  as a la t t ice  vacancy which i s  

Poor adhesion of m e t a l  f i l m s  is a s i g n i f i c a n t  cause of device fail-  
wes. The first e f f o r t s  on t h e  me ta l l i za t ion  evaluat ion t a s k  are being 
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1. INTTROOUCTION A M I  HIGHLIGHTS 

d i r e c t e d  toward t h e  development of more reliable tes t  methods f o r  deter-  
mining f i l m  adhesion. 
c h a r a c t e r i s t i c s  of aluminum meta l l i za t ion  f i l m s  deposi ted on s i l i c o n  and 
s i l i c o n  oxide has been s e l e c t e d  f o r  d e t a i l e d  s tudy,  and apparatus f o r  
performing t h i s  test has been constructed.  
t u r e  on thin-f i lm adhesion t e s t i n g  is being methodicalLy searched, 

The s c r a t c h  test  f o r  determining t h e  adhesion 

A t  t h e  same t i m e ,  t h e  litera- 

The s m a l l  f r a c t i o n  of  w i r e  bonds which f a i l  c o n s t i t u t e s  a se r ious  
problem i n  semiconductor device r e l i a b i l i t y .  A s i g n i f i c a n t  por t ion  of 
t h e  J o i n t  Program is d i r e c t e d  toward the  eva lua t ion  and development of  
methods for t e s t i n g  w i r e  bonds t o  i d e n t i f y  bonds which may fail .  
cr i t ical  review of  t h i s  f i e l d  is wel l .  under way; f i e l d  v i s i t s  t o  27 d i f -  
f e r e n t  organiza t ions  have been completed, and most of t h e  r e l evan t  l i t e r -  
a t u r e  i n  t h e  f i e l d  has  been obtained. The review is expected t o  focus on 
t h e  advantages and l i m i t a t i o n s  of t h e  var ious p r a c t i c e s  now employed i n  
t h e  indus t ry  and t o  pinpoint  a r eas  where a d d i t i o n a l  information must be 
obtained. A t  t h e  same time experimental  e f f o r t s  have been i n i t i a t e d  i n  
s e v e r a l  areas. 

A 

1. 

2. 

3 .  

4. 

An improved method for grasping t h e  w i r e  dur ing a p u l l  tes t  
w a s  developed last  quar te r .  Since t h e  w i r e  is  grasped with- 
out  deformation and t h e  bond may be pul led  i n  any d i r e c t i o n ,  
t h i s  convenient method, which involves t h e  use of a quick- 
s e t t i n g  hot-melt g lue ,  permits increased con t ro l  of t h e  
test condi t ions.  

Preliminary s t u d i e s  of u l t r a s o n i c  bonding with aluminum r i b -  
bon w i r e  have demonstrated t h a t  lower bonding pressures  than 
those requi red  f o r  round w i r e  of t h e  same cross  s e c t i o n  w i l l  
produce s a t i s f a c t o r y  bonds. This suggests  t h a t  harder  and 
s t ronge r  ribbon w i r e  may be used t o  make bbnds without t h e  
r i s k  of damage t o  t h e  semiconductor d ie .  The use of t h e  
harder  w i r e  is  expected t o  r e s u l t  i n  s t ronger  bonds. A s  
an added advantage it t u r n s  out  t o  be e a s i e r  t o  use t h e  
ribbon wire than round wire f o r  making u l t r a s o n i c  bonds. 

I n i t i a l  tests of a number of u l t r a s o n i c  bond monitoring 
techniques have l e d  t o  t h e  s e l e c t i o n  of  a capac i tor  micro- 
phone technique f o r  f u t u r e  s tud ie s .  
damped with s i l i c o n e  rubber and polytetrafluQrQethYlene w a s  
developed t o  improve t h e  r e so lu t ion  of t he  capac i tor  micro- 
phone system. 

Resonance c h a r a c t e r i s t i c s  of a n i cke l  magnetostr ic t ive t rans-  
ducer,  t apered  horn, and bonding t o o l  were measured under 
both constant  cu r ren t  and constant  vo l tage  condi t ions.  These 
r e s u l t s  suggest t h a t  a system with a constant  cu r ren t  source 
is  less s e n s i t i v e  t o  v a r i a t i o n s  i n  t h e  source frequency 
than is one with a constant  vol2age source. 

I t  is also poss ib l e  t o  tes t  s i n g l e  bonds. 

An extension t i p  

It was a l s o  

3 



1, INTRODUCTION AND HIGHLIGHTS 

found t h a t  t h e  maximum t i p  v ib ra t ion  amplitude occurred a t  
a d i f f e r e n t  frequency from t h e  t ransducer  resonance as 
ind ica t ed  by a cu r ren t  meter i n  series with t h e  t ransducer  
c o i l .  

5. I t  w a s  a l s o  e s t ab l i shed  t h a t  resonance modes of bonding 
t o o l s  can be observed with t h e  high-resolut ion capac i tor  
microphone. 
including t o r s i o n a l  and o the r  modes of v i b r a t i o n  can be 
undertaken. 

Thus d e t a i l e d  s tud ie s  of bonding t o o l  resonance 

An abrupt  decrease i n  d-c cu r ren t  gain i n  i n t e r d i g i t a t e d  medium- 
power t r a n s i s t o r s  w a s  observed t o  occur a t  t h e  same operat ing condi t ion 
as t h a t  f o r  which t h e  thermal r e s i s t a n c e  as measured by t h e  forward- 
b iased  base-emitter vo l tage  abrupt ly  increases .  
of thermographic phosphors of hot-spot formation a t  t h e  same operat ing 
condi t ion suggests  t h a t  t h e  r e l a t i v e l y  simple measurement of d-c cumlent 
ga in  may be  a p r a c t i c a l  method f o r  i den t i fy ing  t h e  onset  of hot-spot for- 
mat ion ,  

The observat ion by means 

Organizat ional  plans were completed f o r  t h e  Symposium on S i l i con  
Device Processing t o  be he ld  bn June, 1970 under t h e  j o i n t  sponsorship 
of ASTM Committee F-1 and NBS. The Symposium is intended t o  b r ing  to-  
ge ther  engineers and appl ied s c i e n t i s t s  a c t i v e l y  engaged i n  t h e  s i l i c o n  
device technology f i e l d  so t h a t  they may d iscuss  t h e  most advanced 
measurement methods ' for process con t ro l  and ma te r i a l s  cha rac t e r i za t ion  
i n  an unhurried and informal atmosphere. 
is t o  stress t h e  interdependence of measurements, techniques,  f a c i l i t i e s ,  
and materials as they r e l a t e  t o  t h e  o v e r a l l  problems of inproving and 
advancing s i l i c o n  device sc iences  and technologies.  The opening sess ion  
w i l l  cons i s t  of i n v i t e d  papers on s i l i c o n  c r y s t a l  growth, sur face  pre- 
para t ion ,  d i f fus ion ,  epi taxy,  and s i l i c o n  oxides and n i t r i d e s .  Subse- 
quent sess ions  w i l l  d ea l  with t h e  u n i t  processing opera t ions ,  epi taxy and 
d i f f u s i o n ,  from t h e  s tandpoint  of t h e  requi red  techniques and faci l i t ies  
as w e l l  as the  p rope r t i e s  and cha rac t e r i za t ion  of t h e i r  product. Surface 
prepara t ion  and interdependence of t h e  u n i t  processing operat ions w i l l  
a l s o  be discussed. 

The b a s i c  theme of t h e  meeting 

The J o i n t  Program w a s  undertaken las t  year  t o  focus NBS e f f o r t s  t o  
enhance t h e  performance, i n t e rchangeab i l i t y ,  and r e l i a b i l i t y  of d i s c r e t e  
semiconductor devices and in t eg ra t ed  c i r c u i t s  through improvements i n  
methods of  measurement f o r  use i n  spec i fy ing  materials and devices  and 
i n  con t ro l  of device f a b r i c a t i o n  processes.  These improvements a r e  in- 
tended t o  l ead  t o  a s e t  of measurement methods which have been ca re fu l ly  
evaluated for t echn ica l  adequacy, which are acceptable  t o  both users  and 
supp l i e r s ,  and which can provide a common b a s i s  f o r  t h e  purchase speci-  
f i c a t i o n s  of  government agencies.  I n  add i t ion ,  such methods w i l l  provide 
a b a s i s  f o r  con t ro l l ed  improvements i n  e s s e n t i a l  device c h a r a c t e r i s t i c s ,  

4 



1. INTRODUCTION AW HIGHLIGHTS 

such as uniformity of response t o  r ad ia t ion  effects. 
su2ported by t h e  Nat ional  Bureau of Standards [lf, t h e  National Aero- 
nau t i c s  and Space Administration [21 ,  t h e  Defense Atomic Support Agency 
[3], and t h e  U .  S .  Navy S t r a t e g i c  Systems P ro jec t  Office [41. 
of t h e  cooperative na ture  of  t h e  Program, t h e r e  is not a one-*o-one cer re -  
spondence between t h e  t a s k s  descr ibed i n  t h i s  r e p o r t  and t h e  p r o j e c t s  
by which t h e  Program is supported.  Although a l l  sponsors subscr ibe  t o  
t h e  need for t he  e n t i r e  b a s i c  program f o r  improvement of measurement 
methods for semiconductor materials, process con t ro l ,  and devices ,  t h e  
concern of c e r t a i n  sponsors with s p e c i f i c  p a r t s  of t h e  Program is taken 
i n t o  considerat ion i n  planning. 

Addit ional  background information on t h e  Program and ind iv idua l  
t a sks  may be  found i n  earlier r epor t s  i n  t h i s  series (see Appendix D). 
Besides t h e  t a s k s  sponsored under t h e  J o i n t  Program, t h i s  r e p o r t  contains  
desc r ip t ions  of  a c t i v i t y  on r e l a t e d  p ro jec t s  supported by NBS or o the r  
agencies.  Although the  s p e c i f i c  ob jec t ives  of t h e s e  p r o j e c t s  a r e  d i f f e r -  
en t  from those of t h e  J o i n t  Program, much of t h e  a c t i v i t y  undertaken i n  
these  p r o j e c t s  w i l l  be of i n t e r e s t  t o  J o i n t  Program sponsors. 
sponsor of each of these  r e l a t e d  p r o j e c t s  i s  i d e n t i f i e d  i n  t h e  descrip- 
t i o n  of t h e  p ro jec t .  

The Program is 

Because 

The 

1. Through Research and Technical Services  P ro jec t s  4251120, 4251123, 

2. Through Order ER-11897, Elec t ronics  Research Center. (NBS Pro jec t  
4251126, 4252128, 4254111, 4254112, and 4254115. 

4259 52 3 )  

4259522) 
Administered by U. S. Naval Ammunition Depot, Crane, Indiana through 
Cost Reimbursement Order PO9-0016. 

’ 3. Through Inter-Agency Cost Reimbursement Order 808-69. (NBS Pro jec t  

4. 
(NBS Project 4259533) 
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METHODS OF MEASUREMENT FOR SEMICONDUCTOR MATERIALS 

2. RESISTIVITY 

Objective: To develop improved methods, s u i t a b l e  f o r  use throughout 
t h e  e l ec t ron ic s  industry,  f o r  measuring r e s i s t i v i t y  of bulk,  e p i t a x i a l ,  
and d i f fused  s i l i c o n  wafers. 

Progress: A round robin  based on t h e  ASTM four-probe method f o r  
measuring r e s i s t i v i t y  of s i l i c o n  wafers C11 is  being conducted i n  co- 
operat ion with ASTM Committee F-1 on Materials f o r  Electron Devices and 
Microelectronics t o  determine t h e  prec is ion  which can be expected when 
measuring bulk s i l i c o n  wafer r e s i s t i v i t y  down t o  0.001 52-cm and up t o  
2000 0-cm. 
l abora to r i e s ,  and a l l  ca l cu la t ions  have been checked. Tabulation of t h e  
r e s u l t s  is  near ly  complete. 

A l l  d a t a  have been received from t h e  e igh t  p a r t i c i p a t i n g  

To assist i n  t h e  extension of t h e  method t o  e p i t a x i a l  and d i f fused  
l aye r s ,  s t u d i e s  of t h e  dependence upon cu r ren t ,  probe fo rce ,  and sur face  
condi t ion of t h e  r e s i s t i v i t y  of s i l i c o n  wafers as measured by t h e  four- 
probe method are continuing. Material i n  t h e  r e s i s t i v i t y  range 0 . 0 0 1 t o  
1000 S2-cm is being s tudied  a t  probe fo rces  of 25, 50, 100,  and 150 g and 
cu r ren t  values between 0.1 and 1 0  t i m e s  t h e  values recommended f o r  i t s  
r e s i s t i v i t y  l e v e l  i n  t h e  ASTM procedure [l]. 
lapped (with 5 pm alumina), mechanically pol ished,  and chemically pol ish-  
ed, are being used. 

Three sur face  condi t ions,  

Measurements are a l s o  being made of t h e  contact  r e s i s t ance  between 
t h e  probe po in t s  and t h e  wafer sur face  as a func t ion  of cu r ren t ,  probe 
fo rce ,  and sur face  condition. The r e s u l t s  of t hese  measurements are 
expected t o  a i d  i n  designing appropriate  analog c i r c u i t s  used t o  test 
t h e  vol tage measuring equipment i n  these  four-probe measurements. 
r e s i s t i v i t y  and contact  r e s i s t ance  measurements have been completed on 
wafers with lapped surfaces .  

Both 

Calculat ions of t h e  r e s u l t s  of measurements made as p a r t  of a 
Committee F-1 sponsored round robin  based on a proposed two-probe method 
C21 f o r  measuring t h e  r e s i s t i v i t y  of c y l i n d r i c a l  s i l i c o n  crystals have 
been completed and s e n t  t o  t h e  coordinator  of t h e  round robin.  

(F.  H. Brewer) 

"Method of Test f o r  R e s i s t i v i t y  of S i l i con  S l i c e s  Using Four Pointed 
Probes" (ASTM Designation: 
P a r t  8, November, 1968. This method covers t h e  range 0.05 t o  120 
52- c m  . 
For a general  descr ip t ion  of t h e  two-probe method see "Method of T e s t  
f o r  R e s i s t i v i t y  of Semiconductor Materials" (ASTM Designation: 
F43-67T), 1968 Book of ASTM Standards, P a r t  8, November, 1968. 

1. 
F84-68T), 1968 Book of ASTM St&rds, 

2. 
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2. RESlSTlVlTY 

Commercially ava i l ab le  components have been s e l e c t e d  f o r  use i n  t h e  
measurement of spreading r e s i s t ance .  
for a probe holder  assembly which incorporates  f e a t u r e s  descr ibed i n  t h e  
l i t e r a t u r e  [SI.  Severa l  materials a r e  being considered for use as probe 
t i p s  i n  t h e  spreading r e s i s t a n c e  apparatus.  
carbide,  s t a i n l e s s  steel, osmium, tungsten-ruthenium a l l o y ,  and s i l i c o n  
carbide.  
been found, and a procedure f o r  labora tory  use, b u t  it may be  prohib i t ive-  
l y  complex f o r  l a r g e  scale use.  
planned u n t i l  it is determined whether s i l i c o n  carbide is a s a t i s f a c t o r y  
probe material. 

Design p lans  are being developed 

These include tungsten 

A source of s i l i c o n  carbide with con t ro l l ed  doping l e v e l  has 

No f u r t h e r  f a b r i c a t i o n  refinements a r e  

The s u i t a b i l i t y  of an a v a i l a b l e  spectrophotometer f o r  measuring 
e p i t a x i a l  l a y e r  th ickness  and bulk r e s i s t i v i t y  by i n f r a r e d  techniques 
as suggested by ASTM Committee F-1 C4, 51 -is being evaluated. 

(J. R. Ehrs te in)  

Instrumentat ion has been surveyed f o r  t h e  purpose of e s t ab l i sh ing  
a c a p a b i l i t y  f o r  measuring doping p r o f i l e s  i n  e p i t a x i a l  f i l m s  by t h e  
capacitance-voltage technique C61. 
diode f a b r i c a t i o n  procedures and t h e  method of  e p i t a x i a l  l a y e r  growth, 
a good understanding o f  t h i s  measurement method r equ i r e s  s tudy of t h e  
effects of  t h e  frequency used for  t h e  capaci tance measurement. 
l a r g e  amount of da t a  is requi red  t o  p r o f i l e  a s i n g l e  e p i t a x i a l  l a y e r ,  
it is intended t o  automate t h e  data-taking process.  However, i n s t ru -  
mentation for capaci tance measurement which i s  capable of being auto- 
mated has only been found f o r  use a t  100 kHz and 1 MHz, 
necessary t o  concentrate  work a t  these  two frequencies  and t o  sample 
effects at  o the r  f requencies  with equipment which is not  automated. 

In  add i t ion  t o  t h e  knowledge of t h e  

Since a 

Hence it may be 

(J. R. Ehrs te in  and G ,  N.  Stenbakken) 

3. 

4. 

5. 

6. 

J. M. Adley, M .  R. Poponiak, C.  P. Schneider, P.  A. Schumann, Jr., 
and A. H. Tong, "The Design of  a Probe f o r  t h e  Measurement of t h e  
Spreading Resistance of Semiconductors," Semiconductor Sil icon, 
R. Haberecht and E.  Kern, Eds., The Electrochemical Society,  New 
York, 1969, pp. 721-731. 
"Method of T e s t  for Thickness of E p i t a x i a l  Layers of S i l i c o n  on 
Subs t ra tes  of t h e  Same Conductivity Type by In f r a red  Reflectance" 
(ASTM Designation: F95-68T), 1968 Book of ASTMStandards, P a r t  8 ,  
November, 1968. 
P. A. Schumann, and R. P. P h i l l i p s ,  "Comparison of Classical Approx- 
imations t o  Free Carrier Absorption i n  Semiconductors ," SoZid-Stake 
EZectronics 10, 943-948 (1967). 
G. W. R e u t t i E e r ,  S. J. Regas, D. J. S idor ,  and B. Schwartz, "An 
Automatic T e s t  Se t  f o r  Measuring Dopant Concentration P r o f i l e s  i n  
E p i t a x i a l  Fi lms" Solid-state Electronics 1 2 ,  31-39 (1969). 
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2. RESISTlVITV 

Plans: Resul ts  of t h e  four-probe r e s i s t i v i t y  round rob in  w i l l  be 
f u l l y  t abu la t ed  and repor ted  t o  ASTM Committee F-1. Severa l  10,000 0-cm 
wafers w i l l  be evaluated for uniformity p r i o r  t o  t h e  i n i t i a t i o n  of  a new 
round robin  t o  extend t h e  method t o  a s t i l l  higher  r e s i s t i v i t y  range. 

The inves t iga t ion  of t h e  dependence upon cu r ren t  and probe fo rce  of 
r e s i s t i v i t y  as measured by t h e  four-probe method and of contac t  resis- 
tance  between t h e  probe po in t  and t h e  surface of the wafer w i l l  proceed. 
Measurements w i l l  be made f o r  t he  same range of va r i ab le s  previously 
used, first on mechanically, and then on chemically,  pol ished sur faces .  

Preliminary measurements by t h e  spreading r e s i s t a n c e  method of 
r e s i s t i v i t y  of  e p i t a x i a l  l aye r s  w i l l  be made. Spec ia l  emphasis w i l l  be 
given t o  so lu t ion  of problems r e l a t e d  t o  t h e  low s i g n a l  l e v e l s  which 
occur and t h e  high electrical  i s o l a t i o n  requi red  by t h e  method. A more 
v e r s a t i l e  spreading r e s i s t a n c e  probe assembly w i l l  be designed and fab- 
r i c a t i o n  w i l l  begin. 

Capabi l i ty  w i l l  be e s t ab l i shed  f o r  measuring impurity concentrat ion 
and e p i t a x i a l  thickness  by i n f r a r e d  methods although ava i l ab le  in s t ru -  
mentation may l i m i t  t h e  range of concentrat ion or thickness  which can be 
measured. 

3.  CARRIER LIFETIME 

Objective: To determine t h e  fundamental l i m i t a t i o n s  on t h e  preci-  
s ion  and a p p l i c a b i l i t y  of t h e  photoconductive decay method f o r  measuring 
minori ty  carrier l i f e t i m e  and t o  develop a l t e r n a t e  methods f o r  measuring 
minority carrier l ifetime i n  germanium and s i l i c o n  which are more pre- 
cise, more convenient,  or more meaningful i n  t h e  s p e c i f i c a t i o n  of mate- 
r i a l  f o r  device purposes. 

Progress: Dispersion of l i g h t  i n  t h e  unusually th i ck  l enses  of t h e  
o p t i c a l  system i n  t h e  s teady-s ta te  photomagnetoelectric effect-photo- 
conduct ivi ty  (PME-PC) equipment made focusing t h e  in f r a red  i l lumina t ion  
d i f f i c u l t  t o  approximate by v i s i b l e  l i g h t .  
changing t o  a front-surface-mirror  o p t i c a l  system. 
system a l s o  provides g r e a t e r  i l lumina t ion  i n t e n s i t y  with t h e  same l i g h t  
source. 

The problem w a s  e l iminated by 
In  add i t ion ,  t h e  new 

In  order  t o  determine whether t h e  unused harmonics of t h e  t rape-  
zo ida l  wave form of t h e  chopped l i g h t  were producing unwanted e f f e c t s  i n  
t h e  PME-PC measurement, t h e  chopper was modified t o  produce a s inuso ida l  
v a r i a t i o n  of l i g h t  i n t e n s i t y  by r o t a t i n g  an a r r ay  of equi-spaced circu-  
l a r  holes  p a s t  a s t a t i o n a r y  s l i t  with a width approximately equal  t o  t h e  

8 



3. CARRIER LIFETIME 

diameter of each of  t h e  c i r c u l a r  ho les  El]. 
t he  same chopper modulated t h e  i l lumina t ion  of  a photodiode t o  generate  
a re ference  s igna l .  The nonl inear  response of t h e  photodiode generated 
higher  order  harmonics. The second harmonic, which had an amplitude a 
t h i r d  t h a t  of  t h e  fundamental, w a s  reduced 27 dB by an e l e c t r o n i c  low- 
pass f i l t e r .  
lock-in ampl i f ie r ,  bu t  it is  requi red  f o r  t he  s u b s t i t u t i o n  method of 
measuring t h e  PME and PC cu r ren t s  because t h e  c a l i b r a t i o n  of t hese  
cu r ren t s  is  based on t h e  r m s  vo l tage  input  t o  t h e  p rec i s ion  a t t enua to r  
and only t h e  fundamental component is u t i l i z e d ;  t he re fo re ,  t h e  ind ica ted  
cu r ren t  is low by t h e  r a t i o  of  t h e  r m s  value of t h e  fundamental t o  t h e  
r m s  value of t h e  fundamental p lus  harmonics. These modif icat ions sub- 
s t a n t i a l l y  improved opera t ion  of  t h e  equipment and are now being used 
i n  connection with t h e  deep-level s t u d i e s  ( see  Sect ion 7).  

A similar arrangement on 

Such harmonic p u r i t y  is  not  requi red  f o r  opera t ion  of t h e  

(W. E. P h i l l i p s  acd A. W.  S t a l l i n g s )  

Equipment f o r  extending t h e  measurement c a p a b i l i t y  of  t he  photocon- 

Planned s t u d i e s  on gold-doped s i l i c o n  specimens w i l l  provide an 
d u c t i v i t y  decay (PCD) l i f e t i m e  apparatus  t o  s h o r t e r  lifetimes was consid- 
e red ,  
opportuni ty  t o  eva lua te  t h e  a p p l i c a b i l i t y  of t h e  PCD method f o r  measuring 
l i f e t i m e s  i n  t h e  nanoseconds or tens-of-nanoseconds range. The follow- 
ing systems a r e  being evaluated:  (1) a short-durat ion f l a s h  tube ,  (2)  a 
s teady l i g h t  modulated rec tangular ly  by a Pockels c e l l ,  and (3 )  a s teady 
l i g h t  modulated s inuso ida l ly  by a Pockels cell .  
es t imate  of  t h e  performance of  each of these  systems, an estimate of t h e  
cost involved t o  assemble each system, and a survey of manufacturers 
from whom t h e  equipment could be purchased. 

The s tudy includes an 

The s tudy of t h e  con tac t l e s s  PCD l i f e t i m e  measurement technique of 
Nishizawa, et al. C21 w a s  continued. 
placed on a specimen holder  which c o n s i s t s  of two D-shaped e l e c t r i c a l  
contac ts  embedded i n  a p l a s t i c  block. 
each o the r  by about 1 mm and are connected i n  p a r a l l e l  with t h e  tank cir- 
c u i t  of an r-f o s c i l l a t o r .  
as a p iece  of v i n y l  t ape ,  mica, or one or more glass s l i d e s ,  which is 
placed on t h e  contac ts  and serves  as t h e  d i e l e c t r i c  of t h e  capaci tance 
connecting t h e  specimen t o  t h e  tank c i r c u i t .  
a t i o n  is  var ied ,  t h e  change i n  conduct ivi ty  of t h e  specimen causes a 
change i n  t h e  loading of t h e  o s c i l l a t o r ,  which changes t h e  Q of  t he  

In  t h i s  technique, t h e  specimen is  

The contac ts  are separa ted  from 

The speaimen is placed on an i n s u l a t o r ,  such 

When t h e  specimen il lumin- 

1. 

2. 

For an ana lys i s  of a similar system, see R. B. McQuistan, "On Radi- 

J. Nishizawa, Y. Yamoguchi, N Sho j i , a n d  Y. Tominaga, "Application 
of Siemens Method t o  Measure .the R e s i s t i v i t y  and L i f e t i m e  of Small 
S l i c e s  of S i l icon ,"  Ultrapurification of Semiconductor Materials, 
MacMillan Co., New York, 1962, pp. 636-644. 

3 a t i o n  Modulation," J. Opt.  SOC. Am. 29, 70-74 (1959). 
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3. CARRIER LIFETIME 

c i r c u i t ,  and produces a modulation of t h e  o s c i l l a t o r  amplitude. 
l a t i o n  o f  t h e  o s c i l l a t o r  output y i e l d s  an illumination-dependent s i g n a l  
which is observed on an osci l loscope.  
which is observed after t h e  i l lumina t ion  is ext inguished is used t o  cal- 
c u l a t e  t he  specimen lifetime. 

Demodu- 

The t i m e  constant  of t h e  s i g n a l  

The main d i f f i c u l t y  with t h i s  technique is  t h a t  t h e  t i m e  constant  of 

This occurs be- 
decay of excess carriers i n  t h e  specimen is not  always equal  t o  t h e  time 
cons tan t  of t h e  demodulated o s c i l l a t i o n  envelope s igna l .  
cause t h e  equivalent  r e s i s t a n c e  of t h e  specimen is not  i n  p a r a l l e l  wi th  
t h e  tank c i r c u i t  b u t  is  p a r t  of a network composed of t h e  t w o  coupling 
capac i to r s ,  specimen holder  capaci tances ,  and a r e s i s t o r  represent ing  t h e  
e f f e c t i v e  specimen r e s i s t a n c e .  
network it is found t h a t  changes i n  t h e  e f f e c t i v e  specimen r e s i s t a n c e  and 
changes i n  t h e  equivalent  p a r a l l e l  r e s i s t a n c e  are not  always proport ional .  
Experimentally t h i s  leads  t o  erroneously long lifetime measurements. 
was found, however, t h a t  by center ing  t h e  specimen on t h e  specimen holder  
so t h a t  i t s  long i tud ina l  a x i s  is perpendicular  t o  t h e  specimen holder  
s l o t ,  and by reducing t h e  coupling capaci tance by e leva t ing  t h e  specimen 
as far above the  specimen holder  as poss ib l e  cons i s t en t  with obtaining a 
measurable s i g n a l ,  t h e  maximum d i f f e rence  between con tac t l e s s  and stand- 
a rd  PCD lifetime measurements on a group of twelve specimens under con- 
d i t i o n s  of  i d e n t i c a l  i l lumina t ion  was e i g h t  percent.  

When a t ransformation is  appl ied  t o  t h i s  

It 

An apparatus t o  measure PCD l i f e t i m e  by a second con tac t l e s s  method 
[S I  is being constructed so t h a t  it may be  compared with t h e  method 
descr ibed above. 
specimen placed i n  a s l o t t e d  cage i n s i d e  t h e  c o i l  of an r-f o s c i l l a t o r  
tank c i r c u i t .  

I n  t h i s  method one measures t h e  power absorbed by a 

A d r a f t  of a r ev i sed  s tandard  procedure f o r  measuring carrier l ife- 
time by t h e  PCD method has been prepared and is being reviewed p r i o r  t o  
submission t o  ASTM Committee F-1. (R. L.  Mattis) 

E f f o r t s  on t h e  study of  t h e  c o r r e l a t i o n  of  carrier lifetime i n  si l i-  
con with c h a r a c t e r i s t i c s  of nuclear  r a d i a t i o n  de tec to r s  made from t h e  
same material ( see  Sect ion 20)  were concentrated i n  t h e  area of  diode 
recovery measurements of  carrier lifetime. Voltage decay measurements on 
point-contact  diodes were continued. 
for study because t h e i r  f a b r i c a t i o n  leaves t h e  bulk semiconductor materi-  
a l  una l te red  by hea t  t reatment .  
vo l tage  decay seen with junc t ion  devices was not  observed i n  point-  

Point-contact diodes were s e l e c t e d  

Although the  i n i t i a l  region of l i n e a r  

3. R. M. L ich tens te in  and H. J. Willard,  Jr., llSimple Contact less  Method 
for  Measuring Decay Time  of Photoconductivity i n  S i l icon ,"  Rev. Sei. 
Instmun. 38, 133-134 (1967). - 
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contac t  diodes (NBS Tech. Note 488, p. 6) it has been suggested E41 
t h a t  t h e  t a i l  of t h e  decay curve should be an exponent ia l  func t ion  of t h e  
lifetime. Measurements dn diodes f ab r i ca t ed  from wafers of s e v e r a l  
values  of  r e s i s t i v i t y  so far f a i l e d  t o  r e v e a l  an exponent ia l  ta i l .  Since 
t h e  e a r l y  por t ion  of t h e  vol tage  decay depends on t h e  e f f e c t i v e  junc t ion  
r ad ius  of t h e  point-contact  r a t h e r  than t h e  lifetime [5, 61, e f f o r t s  were 
s h i f t e d  t o  t h e  reverse  recovery technique. However, t h e  recovery curves 
d id  no t  e x h i b i t  t h e  f la t  reg ion  of constant  r eve r se  cu r ren t  such as w a s  
seen with p-n junc t ion  diodes so it was not  poss ib l e  t o  i n t e r p r e t  them i n  
t e r m s  of carrier l ifetime. It can the re fo re  be concluded t h a t  n e i t h e r  
t h e  vol tage  decay technique nor  t h e  reverse  recovery technique is r e a d i l y  
adaptable  t o  making lifetime measurements with point-contact diodes.  

Consideration of a l t e r n a t e  types  of diodes f o r  t h i s  s tudy l e d  next 
t o  t h e  su r face  b a r r i e r  diode. Diodes f o r  i n i t i a l  s t u d i e s  are being fab- 
r i c a t e d  on p-type s i l i c o n  with r e s i s t i v i t y  of 1500 52-cm. Ohmic contac t  
is made t o  t h e  base by an evaporated l a y e r  of gold on a lapped sur face .  
The barrier is formed on t h e  wafer by evaporating gold on t h e  face of 
t h e  wafer after etching.  

An experiment t o  s tudy  t h e  r ep roduc ib i l i t y  of t h e  reverse  recovery 
technique f o r  measuring carrier l i f e t i m e  i n  p-n junc t ion  diodes is being 
conducted. 
measured monthly f o r  a per iod of  s i x  months. (A. J. Baroody) 

Lifet imes of  a group of seven commercial diodes have been 

Plans: Study of  t h e  su r face  photovoltage method w i l l  be resumed 
when PME-PC measurements on indium antimonide are completed ( see  Sect ion 
7) .  

A dec is ion  w i l l  be made regarding t h e  extension of t h e  PCD measure- 
ment c a p a b i l i t y  t o  s h o r t e r  l i f e t imes .  
methods f o r  measuring PCD l i f e t i m e  w i l l  be undertaken when t h e  apparatus 
f o r  t h e  second method is  completed. 
method for PCD measurements w i l l  be reviewed and submitted t o  ASTM Com- 
mi t tee  F-1 f o r  i ts  considerat ion.  

Comparisons of t h e  two con tac t l e s s  

The d r a f t  of t h e  rev ised  s tandard 

Voltage decay measurements of diode recovery l i f e t i m e s  w i l l  be  made 
on su r face  b a r r i e r  diodes. The vol tage  decay technique w i l l  also be  
appl ied  t o  p-3-n, a l loyed ,  and d i f fused  diodes which w i l l  be fabr ica ted .  
Mathematical and experimental  i nves t iga t ion  of t h e  dependence of t h e  

4. 

5. 

6. 

H. L. Armstrong, "On t h e  T a i l  i n  t h e  Transient  Behavior of Point- 
Contact Diodes," PPOC. IRE 45, 696-697 (1957). 
H. L. Armstrong, "On Open C z c u i t  Transient  Effects i n  Point-Contact 
Rectifiers," J .  AppZ. Phys. ,  2 7 ,  420-421 (1956). 
B. R. Gossick, "On t h e  TranslFnt Behavior of Semiconductor Recti- 
fiers," J .  AppZ. Phys .  - 2'7, 905-911 (1956). 
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carrier l ifetime as measured by diode recovery techniques upon i n j e c t i o n  
l e v e l s  i n  t h e  var ious diode s t r u c t u r e s  w i l l  be continued. 

Resul ts  of t h e  experiment t o  s tudy t h e  r ep roduc ib i l i t y  of t h e  re- 
ve r se  recovery technique w i l l  be analyzed. 
dependence o f  t h e  measured r eve r se  recovery t i m e  on t h e  frequency and 
amplitude of t h e  input  square wave w i l l  be s tud ied .  E f f o r t s  t o  modify 
t h e  c i r c u i t r y  t o  permit forward t o  reverse  cu r ren t  r a t i o s  between 0.01 
and 100 w i l l  continue. 

When t h i s  is completed, t h e  

A study of methods f o r  measuring minori ty  carriel. l ike t ime i n  t ran-  
s i s t o r  s t r u c t u r e s  w i l l  be undertaken. The problems encountered and t h e  
cont rad ic t ions  between methods and with bulk measurements w i l l  be 
inves t iga t ed  i n  regard t o  making more meaningful c a r r i e r  l ifetime meas- 
urements f o r  device purposes. 
experimental  carrier l i f e t i m e  measurements under var ious geometries w i l l  
be planned. 

On t h e  b a s i s  of such f ind ings ,  f u r t h e r  

4. INHOMOGENEITIES 

Objective: To develop improved methods for measuring inhomogenei- 
t i es  respons ib le  f o r  reduced performance and r e l i a b i l i t y  of s i l i c o n  de- 
v i ces  and, i n  p a r t i c u l a r ,  t o  eva lua te  a photovol ta ic  method as a means 
t o  accomplish t h i s .  

Progress:  It was decided t o  concentrate  on t h e  problems encountered 
i n  t h e  su r face  t reatment  of p-type s i l i c o n .  
ments for re'ducing t h e  su r face  recombination ve loc i ty ,  s ,  i n  p-type sili- 
con were t r i e d  but  t h e i r  use continued t o  r e s u l t  i n  t h e  observat ion of 
anomalous photovoltages as descr ibed previously (NBS Tech. Note 475, 
p. 8) .  Further  i nves t iga t ion  of t hese  t reatments  was suspended, however, 
when success was achieved by modifying a t reatment  used earlier which had 
not  cons i s t en t ly  reduced s. 

A number of su r face  treat- 

This t reatment  involves an e tch  (10 HNO3 + 1 HF) t o  remove the  work 
damage induced i n  shaping t h e  specimen and an oxid iz ing  agent (ho t  sodium 
dichromate) t o  c r e a t e  a su r face  accumulation l a y e r  which i n h i b i t s  t h e  
d i f fus ion  of minori ty  carriers t o  t h e  surface.  Consis tent  reduct ions i n  
s were achieved with t h i s  t reatment  by increas ing  t h e  e tch ing  t i m e  i n  t h e  
t reatment  from about 1 .5  min to  about 4.5 min which increased t h e  thick-  
ness  of t h e  material removed from about 1 5  pm t o  about 50 pm. Apparently 
t h e  s h o r t e r  e tch ing  t i m e  used previously d id  not  always remove enough of 
t h e  work-damaged s i l i c o n .  

Reproducible r e s u l t s  have been obtained,  using t h i s  prepara t ion ,  
with f o u r  p-type bar-shaped s i l i c o n  specimens (two with r e s i s t i v i t y  of 
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4. INHOUOGENEITIES 

%40 O-cm and two of %lo 0-cm). 
which t h e  su r face  t reatment  using t h e  s h o r t e r  e tch ing  t i m e  had been un- 
successfu l .  
were ava i l ab le  f o r  t w o  of t h e  specimens. 
photovol ta ic  r e s i s t i v i t y  p r o f i l e s  t o  within 1 percent .  
is t y p i c a l  of previous measurements on s i l i c o n  and germanium when t h e  
su r face  t reatment  had been successfu l .  

Two of these  specimens were ones for  

R e s i s t i v i t y  p r o f i l e s  obtained from two-probe measurements 

Such agreement 
They agreed with t h e  r e spec t ive  

A new a i r t i g h t  enclosure f o r  t h e  specimen holder  with a t ranspar -  
en t  t op  for t h e  l i g h t  probe has been incorporated i n  t h e  measurement 
apparatus.  
s t r a y  l i g h t  and air  cur ren ts .  

The use of  t h e  enclosure has much improved sh ie ld ing  from 

Or ig ina l ly ,  t h e  enclosure w a s  constructed as p a r t  of t h e  equipment 
t o  be used t o  maintain a con t ro l l ed  ambient atmosphere f o r  t h e  specimen 
during t h e  su r face  t reatment  and t h e  photovol ta ic  r e s i s t i v i t y  measure- 
ments i f  t h i s  proved t o  be necessary.  Use of a con t ro l l ed  atmosphere w a s  
suspended at  l e a s t  u n t i l  work on n-type s i l i c o n  i n d i c a t e s  t h a t  such meas- 
ures w i l l  be required.  

A prel iminary attempt was made t o  reduce s by p lac ing  t h e  specimen 
between t ransparent  capac i to r  p l a t e s  and applying a vol tage t o  induce an 
accumulation l a y e r  i n  t h e  specimen surface.  
observed f o r  appl ied  vol tage  as high as 550 V. Addi t ional  s tudy o f  t h i s  
method was suspended i n  view of  t h e  success of t h e  su r face  t reatment  on 
p-type s i l i c o n .  

N o  measurable effect was 

To inc rease  t h e  genera l ly  smaller values of photovoltage and photo- 
conduct ivi ty  measured on c i r c u l a r  specimens, a 500-W incandescent lamp 
w a s  t r i e d .  Because of t h e  less e f f i c i e n t  focusing element i n  t h e  lamp, 
t h e  i n t e n s i t y  of  l i g h t  t h a t  reached the  specimen was not  s i g n i f i c a n t l y  
g r e a t e r  than t h a t  obtained from t h e  150-W lamp used previously.  
a l t e r n a t i v e  which has been considered but  no t  y e t  t r i e d  i s  t h e  use of a 
helium-neon laser with an output power of 50 mW a t  1.15 pm and of 5 mW 
at  1.084 pm. 
than t h e  power inc iden t  on t h e  specimen from t h e  incandescent lamp be- 
cause of t h e  h ighly  i n e f f i c i e n t  o p t i c a l  means of forming t h e  l i g h t  probe 
from t h e  lamp. 

Another 

The output  power a t  1.15 pm i s  est imated t o  be g r e a t e r  

Work on c i r c u l a r  specimens w a s  defer red  during t h i s  q u a r t e r  t o  con- 

(D. L. Blackburn and H. A. Scha f f t )  
c e n t r a t e  on improving t h e  su r face  t reatment  of p-type s i l i c o n .  

Plans:  Photovol ta ic  r e s i s t i v i t y  measurements w i l l  be made on p-type 
J s i l i c o n  b a r s  with a r e s i s t i v i t y  of  about 1 Q-cm t o  i n v e s t i g a t e  problems 

i n  making measurements a t  lower r e s i s t i v i t y  l eve l s .  

P Photovol ta ic  r e s i s t i v i t y  measurements w i l l  be made on n-type ger- 
manium and p-type s i l i c o n  c i r c u l a r  specimens t o  s u b s t a n t i a t e  t h e  
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usefulness  of t h e  equation which relates r e s i s t i v i t y  grad ien t  t o  photo- 
vo l tage  (NBS Tech. Note 488, p. 9 ) .  

E f fo r t s  w i l l  be  made t o  improve t h e  sur face  t reatment  f o r  n-type 
s i l i c o n .  
successfu l ly  f o r  p-type s i l i c o n  except t h a t  a reducing agent is sub- 
s t i t u t e d  f o r  t h e  oxidizing agent.  

The first treatment t o  be examined is similar t o  t h e  one used 

A preliminary t r i a l  of  a laser source w i l l  be made t o  determine i ts  
u t i l i t y - a s  a l i g h t  probe f o r  

5. 

Objective: To evaluate  
de t ec t ing  low concentrat ions 

c i r c u l a r  specimens. 

INFRARED METHODS 

impurity photoconductivity as a method f o r  
of deep-lying impur i t ies  such as copper, 

gold,  i ron ,  and n i c k e l  i n  s i l i c o n  and germanium, and t o  assist ASTM 
Committee F-1 i n  extending t h e  a p p l i c a b i l i t y  of i n f r a r e d  absorption as a 
method f o r  de tec t ing  impur i t ies  such as oxygen and carbon i n  s i l i c o n  and 
germanium. 

Progress: Specimens of copper-doped germanium were prepared f o r  
impurity photoconductivity measurements by d i f fus ing  copper, which had 
been e l ec t rop la t ed  on t h e  sur faces ,  i n t o  t h e  germanium f o r  a t i m e  suf-  
f i c i e n t  t o  s a t u r a t e  t h e  specimen. A specimen with copper atoms/cm3 
w a s  prepared by hea t ing  a t  57OOC f o r  288 hours,  and a specimen with 10’’ 
copper atoms/cm3, by hea t ing  a t  65OOC f o r  48 hours. 
quenched i n  water. So t h a t  t h e  r e s u l t s  w i l l  be use fu l  f o r  t h e  germanium 
program ( see  Sect ion 101, t h e  s t a r t i n g  material w a s  20 G-cm p-type 
germanium, r a t h e r  than n-type which is  normally used f o r  i n f r a red  de- 
t e c t o r s .  Measurements are made with t h e  specimen mounted on t h e  cold 
f i n g e r  of a l i q u i d  helium cryos ta t .  The electrical c i r c u i t  cons i s t s  of a 
d-c power supply and load r e s i s t o r  i n  series w i t h  t h e  specimen. 
response as a funct ion of wavelength is  determined across  e i t h e r  t h e  load 
r e s i s t o r  or specimen with a lock-in de tec tor .  So far photoconductivity 
h a s  been observed only t o  20 pm, bu t  improvements are under way so t h a t  
response can be detected a t  longer  wavelengths. The long wavelength 
l i m i t  f o r  copper i n  germanium is 31 pm, which corresponds t o  t h e  copper 
impurity l e v e l  a t  0.04 e V  above t h e  valence band. 

The specimens were 

The 

( W .  R. Thurber) 

Plans: Photoconductivity measurements w i l l  continue on t h e  ger- 
manium specimens sa tu ra t ed  with copper. 

A summary r e p o r t  w i l l  be  prepared descr ib ing  t h e  work completed on 
t h e  determination of oxygen i n  s i l i c o n  and germanium by i n f r a r e d  ab- 
so rp t ion  methods. 
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6. HALL EFFECT 

Objective: To e s t a b l i s h  a f a c i l i t y  f o r  making measurements of H a l l  
c o e f f i c i e n t  as a funct ion of temperature between 4 and 350 K and t o  
improve methods f o r  c o l l e c t i n g  and i n t e r p r e t i n g  H a l l  effect data .  

Progress:  The H a l l  effect apparatus is being modified t o  permit 
automatic measurements on h i g h - r e s i s t i v i t y  materials. 
is e s s e n t i a l l y  completed, opera t iona l  ampl i f ie rs  have been purchased, and 
a new specimen holder  i s  being f ab r i ca t ed .  

The design work 

The r epor t  concerning t h e  use of  a time-shared computer t o  con t ro l  
t h e  H a l l  experiment is near ly  complete. Work on t h e  r epor t  on H a l l  
measurements and t h e i r  i n t e r p r e t a t i o n  is continuing. 

( W .  R. Thurber and W. M. B u l l i s )  

Plans: Work w i l l  continue on t h e  new H a l l  apparatus which w i l l  be  
used f o r  measurements of high-purity germanium ( see  Section 1 0 )  and gold- 
doped s i l i c o n  ( see  Sect ion 8). 

The two repor t s  now being prepared w i l l  be  completed and published. 

7. DEEP -LEVEL STUDIES 

Objective: To determine t h e  na ture  and o r i g i n  of t h e  deep-lying 
centers  i n  h igh - re s i s t i v i ty  indium antimonide. 

Progress: From t h e  r e s u l t s  of r e s i s t i v i t y ,  Hall c o e f f i c i e n t ,  and 
carrier l ifetime measurements on h igh - re s i s t i v i ty  indium antimonide be- 
f o r e  and after t h e  in t roduct ion  of l i th ium,  it was concluded t h a t  t h e  
r e s idua l  deep-lying energy l e v e l  i n  indium antimonide is assoc ia ted  with 
a la t t ice  vacancy, probably on t h e  indium sublattice. 
the  material f i l ls  t h e  vacancies and removes t h e  r e s i d u a l  l e v e l  [11. 

Lithium added t o  

The change caused by t h e  addi t ion  of l i th ium w a s  c l e a r l y  evident  i n  
t h e  lifetime measurements: 
lifetime was fou r  orders  of magnitude g r e a t e r  i n  t h e  specimens t r e a t e d  
with l i thium. 
unambiguous, however, because t h e  va r i a t ion  of l ifetime with temperature 
was no t  of t h e  form requi red  by elementary theory.  
lifetimes ca l cu la t ed  from photoconductivity and photomagnetoelectric 

at  l i q u i d  ni t rogen temperature, t h e  e l ec t ron  

The i n t e r p r e t a t i o n  of lifetime da ta  w a s  not  completely 

I n  p a r t i c u l a r ,  t h e  

1. J. L. Sca les ,  " Inves t iga t ion  of  t h e  Residual Defect i n  Indium 
Antimonide," Ph. D. t h e s i s ,  Physics Department, Universi ty  of Mary- 
land (March, 1969). 
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7. OEEP-LEVEL STUDIES 

effect measurements are expected t o  be equal a t  some w a r m e r  temperature, 
according t o  t h e  theory,  bu t  t h i s  was not  observed. 

Consequently attempts have been made t o  improve t h e  l ifetime meas- 
urements. 
made ( see  Sect ion 3 ) .  I n  addi t ion  a n u l l  method was adopted f o r  meas- 
ur ing  t h e  induced photo-voltages. I n  t h e  new arrangement, t h e  specimen 
is dr iven with a s inuso ida l  vol tage t h a t  has t h e  same frequency as, but  
can be adjus ted  t o  be 180 deg out  of phase with,  t h e  induced signal. 
varying t h e  amplitude of t h e  dr iv ing  vol tage ,  one can n u l l  ou t  t h e  in- 
duced photo-voltage without tu rn ing  o f f  t h e  l i g h t  or changing any experi-  
mental condi t ion,  as w a s  previously necessary.  (J. L. Sca les )  

The o p t i c a l  system w a s  changed, and a new l i g h t  chopper w a s  

By 

Plans: Some l ifetime measurements on Li - t rea ted  and unt rea ted  
specimens w i l l  be  repeated,  using t h e  improved apparatus and t h e  n u l l  
techniques f o r  making measurements. I t  is hoped t h a t  t h e  discrepancy 
between theory and experiment a t  t h e  w a r m e r  temperatures can be resolved. 
A f i n a l  r epor t  w i l l  be prepared on completion of t h e  measurements. 

8. GOLD-DOPED SILICON 

Objective: To charac te r ize  n- and p-type s i l i c o n  doped with gold 
and t o  develop a model f o r  t h e  energy l e v e l  s t r u c t u r e  of gold-doped 
s i l i c o n  which is  s u i t a b l e  for use i n  p red ic t ing  i t s  c h a r a c t e r i s t i c s .  

Progress:  Work on establishment of procedures for d i f fus ing  gold 
i n t o  s i l i c o n  wafers was i n i t i a t e d .  
evaporated onto t h e  pol ished sur face  of a number of 10-Q-cm bmon-doped 
s i l i c o n  wafers preparatory t o  carrying out  d i f fus ions .  
experienced with t h e  adhesion of t h e  gold t o  t h e  s i l i c o n  surface.  

A gold f i l m ,  40-nm t h i c k ,  was vacuum 

No d i f f i c u l t y  w a s  

(J . Krawczyk 1 

Plans: Gold d i f fus ions  w i l l  be c a r r i e d  out  a t  85OoC, 95OoC, 1O5O0C,  
115OoC, and 125OOC f o r  one-half hour t o  obta in  specimens containing 
d i f f e r e n t  amounts of gold. 
phere e 

Diffusions w i l l  be done i n  an oxygen atmos- 

Electrical measurements on specimens before  and after gold d i f fus ion  
w i l l  begin. 

9. HIGH FIELD EFFECTS 

Objective: T o  s tudy t h e  physical  c h a r a c t e r i s t i c s  of ho t  carrier 
semiconductor s t r u c t u r e s  and relate these  t o  performance of devices.  

16 



9. HIGH F I E D  EFFECTS 

Progress:  The p r i o r i t y  ass igned t o  t h i s  t a s k  has been reduced t o  
permit acce le ra t ion  of t h e  w i r e  bond eva lua t ion  t a s k  (see Sect ion 13) .  

(G. G. Harman) 

Plans: A s  t i m e  becomes ava i l ab le ,  f u r t h e r  measurements w i l l  be 
made. 
temperature dependence of t h e  o s c i l l a t i o n  w i l l  be s tudied.  

The effect of s t rong  magnetic f i e l d s  w i l l  be  inves t iga t ed  and t h e  

i o .  SPECIFICATION OF GERMANIUM+ 

Objective: To measure t h e  p rope r t i e s  of  germanium c r y s t a l s  and t o  
c o r r e l a t e  t hese  p rope r t i e s  with t h e  performance of germanium gamma-ray 
de tec to r s  i n  order  t o  develop methods f o r  t h e  e a r l y  i d e n t i f i c a t i o n  of 
c r y s t a l s  s u i t a b l e  f o r  f a b r i c a t i o n  i n t o  lithium-compensated gamma-ray 
de tec tors .  

Progress:  Pulse  he ight  d i s t r i b u t i o n s  (gamma-ray peaks) produced by 
monoenergetic gamma-rays i n  Ge(Li) de t ec to r s  are being s tud ied  t o  deduce 
information on c r y s t a l  qua l i t y .  Spec t r a l . da t a  obtained from collimated- 
beam scanning of Ge(Li) de t ec to r s  have been analyzed by a s p e c i a l l y  
wr i t t en  computer program, PEAKFIT-111, w r i t t e n  i n  OMNITAB 
language 111. Each da ta  se t ,  cons i s t ing  of  t h e  662-keV 13'Cs gamma-ray 
peak and a pulser-generated peak a t  somewhat higher  equivalent  energy, is  
analyzed t o  obta in  t h e  pos i t i ons  of t h e  peak cent ro ids ,  r e so lu t ion  a t  
1 / 2  and 1 /10  maximum peak he ight ,  t h e  de t ec to r  cont r ibu t ion  t o  peak width,  
AED, and t h e  r a t i o  of t h e  var iance i n  t h e  number of  ion  p a i r s  produced 
t o  t h e  number of  ion  p a i r s  produced, c ~ ~ / f l ,  The background d i s t r i b u t i o n  
was f i t t e d  by a polynomial of degree 2 and sub t r ac t ed  from t h e  raw da ta  
p r i o r  t o  peak ana lys i s  C21. 
of  t h e  following form i s  f i t t e d  t o  t h e  s p e c t r a l  peaks: 

rogramming 

Using t h e  method of least squares  a funct ion 

Y(xi) = exp ( a  + bxi + cx i2 )  (1) 

where Y(Xi) is  t h e  number of counts i n  channel x i  and a,  b ,  and c are 
ad jus t ab le  constants .  

t Supported by t h e  Division of Biology and Medicine, U. S. Atomic 

1. J. Hi l senra th ,  G.  G. Z ieg ler ,  C. G.  Messina, P. J. Walsh, and R. J. 
Energy Commission. (NBS Pro jec t  4259425) 

Herbold, OMiUITAB, A Computer Program for  Stat is t icaZ and ATwnericaZ 
AnaZysis, NBS Handbook 101, rev.  ed., January,  1968. 

and t h e  Compton "knee" i s  t h e  s u b j e c t  of  continuing study. 
B 2. The o r i g i n  of t he  d i s t r i b u t i o n  of po in t s  between the  f u l l  energy peak 
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10, SPECIFICATION OF GERMANIUM 

Reports of measurements of  an e f f e c t i v e  Fano f a c t o r  which have 
previously been made using uncollimated gamma-ray sources  included 
at tempts  t o  d i s s o c i a t e  t h e  effects of  carrier t rapping  and no i se  from t h e  
r e s u l t  [3-51-. 
f a c t o r  i n  germanium. 
gamma-rays, it has been poss ib l e  t o  determine e x p l i c i t l y  t h e  region of a 
Ge(Li) de t ec to r  where carrier t rapping  is  minimized and thus  obta in  a 
b e t t e r  measure of  t he  Fano f a c t o r .  

These s t u d i e s  y ie lded  a value of about 0.13 f o r  t h e  Fano 
I n  the  present  work, using a col l imated source o f  

Measurements of t h e  de t ec to r  r e so lu t ion  (AsD) of  a 2-cm3 Ge(Li) de- 
t e c t o r  as a func t ion  of both e l e c t r i c  f i e l d  and beam scanning pos i t i on  
between t h e  n+-i and i- junct ions  were made by recording pulse  height  
s p e c t r a  of  t h e  662-keV p37Cs gamma-ray peak along with a pulser-gener- 
a t ed  peak. 
t h a t  a t  low electric f i e l d s  e l ec t rons  were p r e f e r e n t i a l l y  t rapped i n  t h e  
de t ec to r ;  a t  high f i e l d s  t h e  t rapping  was g r e a t l y  reduced. However, 
i r r a d i a t i o n  of t h e  region 0.5 t o  1 .5  mm from t h e  n+-contact,  where the  
e f f e c t  of e l ec t ron  t rapping  is  minimized because t h e  s i g n a l  is  due mainly 
t o  holes  t r ave r s ing  t h e  i - reg ion ,  yielded t h e  g r e a t e s t  improvement i n  
de t ec to r  r e so lu t ion .  

Analyses of AED as a func t ion  of scanning pos i t i on  showed 

The quan t i ty  a2/R p l o t t e d  aga ins t  d i s tance  from the  n+-contact of 
t h e  de t ec to r  is  shown i n  Fig. 1. A t  t h e  top  of t h e  f i g u r e ,  t h e  bound- 
a r i e s  of t h e  i - reg ion  are indica ted  a t  0.5 and 5.5 mm from t h e  contac t  
sur face .  
measurements made af ter  t h e  i n i t i a l  d i f fus ion  of l i th ium i n t o  t h e  c r y s t a l  
[SI.  
02/I;i increases  (from increased AE ) as t h e  beam moves toward t h e  i-p 
junct ion.  Spec t ra  are Gbtained wien t h e  beam i s  centered at t h e  n+- 
contac t  ( 0  mm) due both t o  t h e  f i n i t e  width of t h e  beam and t o  t h e  l a r g e r  
width of t h e  secondary ion iza t ion  sheath produced i n  t h e  de tec tor .  These 
po in t s  are shown only f o r  re ference  purposes. Data poin ts  a t  an e l e c t r i c  
f i e l d  of 2400 V / c m  show values  of  a2/8 which are s i g n i f i c a n t l y  lower than 
0.13 by one-sided 99.5 percent  confidence i n t e r v a l  t- test  [71 i n  the  

The depth of t h e  n+-region (500 pm) i s  i n  good agreement with 

The da ta  f o r  a f i e l d  of 1200 V / c m  ( s i n g l e  measurements) show t h a t  

3. H. R. Bi lger ,  "Fano Factor i n  Germanium a t  77OK," Phys. Rev. - 193, 
283-253 (1967). 

4. J .  M. Palms,  P. Venugopalo Rao, and R. E. Wood, "The Charac te r i s t i c s  
of an Ultra-High Resolution Ge(Li) Spectrometer f o r  Singles  and 
Coincidence X-Ray Gamma-ray Spectra," IEEE Trans. Nucz. Sei. NS-16, 
36-46 (January,  1969). 

manium a t  77OK," NucZ. I n s t r .  and Meth., t o  be published. 
A. H. Sher, "Lithium Ion D r i f t  Mobili ty i n  Germanium," J .  A p p z .  

M. G. E t re l la ,  ExperimentaZ Statistics, NBS Handbook 91, rev.  ed., 

5. A .  H. Sher and B. D.  P a t e ,  "Determination of t h e  Fano Factor  i n  G e r -  

6. 

7. 
Phys. 40 , 2600-2607 (1969). 

1966, p. 3-20. 
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Fig. 1: 02/fi as a func t ion  of d i s tance  from t h e  n+-contact of Ge(Li) 
de t ec to r  83-2. 
2400 V / c m  are t h e  95 percent  confidence i n t e r v a l  es t imates  of 
t h e  mean C71. 

Error  bars  on t h e  d a t a  poin ts  f o r  t h e  f i e l d  of 

Estimated s tandard devia t ions  are smaller. 
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10. SPECIFICATION OF GERMANIUM 

region from 0.5 t o  1 .5  mm. 
percent  confidence i n t e r v a l  C71 of t h e  mean of a t  least fou r  measurements. 
The mean value of 02/R f o r  da t a  po in t s  from 2.0 t o  4.5 mm i s  0.114 bu t  i s  
not  s i g n i f i c a n t l y  d i f f e r e n t  from 0.13 by t h e  above t-test. 
i n  earlier r e p o r t s  [3-51 of t h e  response of t h e  de t ec to r  operated a t  2400 

V / c m  when i r r a d i a t e d  by an uncollimated 137Cs source y ie lded  02/R = 0.133. 
If t h e  upper l i m i t  of F is given by 02/R, t h e  present  r e s u l t s  show t h a t  
f o r  t h e  region of  t h i s  d e t e c t o r  near  t h e  n'-contact , where e l ec t ron  t rap-  
ping is n e g l i g i b l e ,  F < 0.13. I t  i s  d i f f i c u l t  t o  ass ign  a s p e c i f i c  value 
f o r  t h e  Fano f a c t o r ,  however, as secondary ion iza t ion  effects make de- 
t a i l e d  knowledge of t h e  beam width d i f f i c u l t  t o  o b t a i n ,  bu t  it i s  
probable t h a t  an upper l i m i t  f o r  t h e  Fano factor is o 2 / g  
average value i n  t h e  region 0.5 t o  1.5 mm from t h e  contac t .  
have been submitted f o r  presenta t ion  at  t h e  1969 Nuclear Science Sympos- 
ium . ( A .  H. Sher and W. J. Keery) 

The e r r o r  bars  represent  t h e  two-sided 95 

Analysis as 

0.10,  t h e  
These r e s u l t s  

Specimens of germanium doped with copper were prepared f o r  low- 
temperature impurity photoconductivity measurements so  t h a t  da t a  could be 
obtained on crystals with known impurity concentrat ions before  examining 
c r y s t a l s  included i n  t h e  germanium study (see  Sect ion 5 ) .  
gen c ryos t a t  with a germanium window has been constructed t o  s tudy t h e  
i n f r a r e d  response of germanium p-<-n diodes i n  order  t o  determine i f  
co r re l a t ions  e x i s t  between t h e  two in f r a red  a n a l y t i c a l  techniques.  A 
s u i t a b l e  preampl i f ie r  f o r  use with t h e  c ryos t a t  i s  being constructed.  

A l i q u i d  n i t r o -  

( W .  R. Thurber and A. H. Sher) 

P lans :  Lithium mobi l i ty  s t u d i e s  ( inc luding  e f f e c t s  of su r f ace  type)  
and de tec to r  performance measurements with emphasis on c a r r i e r  t rapping  
u t i l i z i n g  a col l imated gamma-ray beam and subsequent ana lys i s  of t he  peak 
shape w i l l  be continued. Impurity photoconductivity measurements ( see  
Sect ion 5) w i l l  be made on germanium c r y s t a l s  which show high degrees of 
charge-trapping. In f r a red  response measurements a t  77 K w i l l  be made on 
Ge(Li) de t ec to r  s t ruc tures  f a b r i c a t e d  from t h e  same material. 

2 0 .  



METHODS O F  MEASUREMENT FOR SEMICONDUCTOR PROCESS CONTROL 

11. METALLIZATION EVALUATION 

Objective: To improve methods f o r  measuring t h e  p rope r t i e s  of t h i n  
metal f i l m s  with i n i t i a l  emphasis on adhesion of aluminum meta l l i za t ion  
deposited on var ious subs t r a t e s .  

Progress: The l i t e r a t u r e  search on t h i n  f i l m  adhesion has  ind ica ted  
t h a t  t h e  sc ra t ch  test appears t o  be t h e  only adhesion tes t  which is  
present ly  capable of y i e ld ing  quan t i t a t ive  and cons is ten t  data .  
s c ra t ch  test b a s i c a l l y  cons i s t s  of mechanically loading a sphe r i ca l ly  
t ipped  s t y l u s ,  and then drawing it smoothly across  a t h i n  metal 
f i l m .  
t h e  s t y l u s  a t  which t h e  f i l m  under t h e  s t y l u s  is removed. 

The 

The f i l m  adhesion fo rce  is  propor t iona l  t o  t h e  minimum loading on 

A simple sc ra t ch  test  apparatus has been assembled t o  perform 
preliminary s tud ie s  on t h i s  test  method. 
used both as t h e  loading fo rce  generator  and as t h e  measuring device, 
t h i s  apparatus is similar t o  t h e  apparatus ou t l ined  i n  t h e  d r a f t  method 
for performing t h e  sc ra t ch  tes t  which is now being developed by ASTM 
Committee F-1. 

Except t h a t  a dynamometer i s  

I n  order  t o  c a l c u l a t e  t h e  shear  fo rce  required t o  remove a f i l m  from 
its s u b s t r a t e  when making a sc ra t ch  t es t ,  it is necessary t o  know t h e  
radius  of curvature  of t h e  s t y l u s  t i p .  The shear  stress is a s e n s i t i v e  
funct ion of t h e  t i p  r ad ius ,  thereby making an accura te  determination of 
t h i s  quant i ty  q u i t e  necessary. 
being used are less than 25 um. Shadowgraph techniques f o r  determining 
t h e  rad ius  of curvature  were found t o  be inadequate. Ins tead ,  techniques 
are being developed t o  determine t h e  geometry of t h e  t i p  from a series of  
photomicrographs. 

The t i p  r a d i i  of t h e  diamond s t y l i  now 

An extensive l i s t i n g  of unc la s s i f i ed  r epor t s  and a b s t r a c t s  r e l a t e d  
t o  t h i n  metallic f i l m s  and adhesion, suppl ied by t h e  Defense Documen- 
t a t i o n  Center ,  is being searched f o r  work r e l a t i n g  t o  t h i n  f i l m  adhesion 
t e s t i n g .  (J. Oroshnik) 

To permit operat ion of t he  s u b s t r a t e  at  h igher  temperatures during 
evaporations c a r r i e d  out  t o  prepare film samples, a platinum-bonded s i l i i -  
con sar?dwich temperature de t ec to r  w a s  constructed t o  rep lace  t h e  gold- 
bonded -anit previ.ously described. During assembly, t h e  u n i t  cracked, 
most probably due t o  t h e  thermal expansion mismatch between t h e  s i l i c o n  
and platinum. It is  be l ieved  t h a t  t h i s  can be remedied by using a con- 
s iderably  th inne r  platinum f o i l  or by spu t t e r ing  about 800 nm of p l a t i -  
num on t h e  s i l i c o n  sur faces  t o  be alloy-bonded. (W. K. C r o l l )  
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11. METALLIZATION EVALUATION 

Plans: The l i t e r a t u r e  search on t h i n  f i l m  adhesion w i l l  continue. 
Sui tab le  o p t i c a l  systems w i l l  be  considered f o r  observing t h e  scra tches  
produced with t h e  adhesion test device. 
convenient f o r  observing a sc ra t ch  a t  t h e  f a i l u r e  poin t ,  t h e  i n i t i a l  
system which w i l l  use v i s i b l e  l i g h t  w i l l  be  s u i t a b l e  for aluminum f i l m s  
deposited on t ransparent  substrates. Later, a second system which w i l l  
use i n f r a r e d  l i g h t  w i l l  b e  b u i l t  f o r  use with f i l m s  deposited on s i l i c o n  
dioxide substrates over s i l i c o n .  Work w i l l  a l s o  continue on developing 
a s a t i s f a c t o r y  method f o r  determining t h e  rad ius  of curvature  of t h e  
s t y l u s  t i p ,  

Since t ransmi t ted  l i g h t  is most 

Consideration of t h e  p u l l  t es t  as an a l t e r n a t i v e  method f o r  meas- 
ur ing  adhesion s t r eng th  w i l l  continue. 
ment s u i t a b l e  f o r  bonding t o  aluminum dots .  Modifications t o  t h e  design 
of t h e  platinum-bonded s i l i c o n  sandwich temperature sensor  w i l l  be made, 
and a new sensor  w i l l  be constructed.  

A search w i l l  be made f o r  a ce- 

1 2 .  PROCESSING FACILITY 

Objective: To e s t a b l i s h  a microelectronics  f ab r i ca t ion  labora tory  
cons is t ing  of t h e  faci l i t ies  necessary f o r  t h e  production of spec ia l ized  
s i l i c o n  devices f o r  use i n  research on measurement methods. 

Progress: The photomasking f a c i l i t y  w a s  developed t o  t h e  poin t  t h a t  
1 2 . 5 - m m i l )  l i n e s  can be photoetched i n  e i t h e r  aluminum or s i l i c o n  
dioxide. This r e so lu t ion  is s u f f i c i e n t  f o r  t h e  devices cur ren t ly  needed 
f o r  wire bonding and o the r  research s tudies .  (J . Krawczyk) 

The assembly of  a pinhole camera was undertaken for t h e  purpose of 
making photomasks. Using very simple o p t i c a l  techniques,  photomask s e t s  
s u i t a b l e  for present  requirements can be produced a t  r e l a t i v e l y  low cos t  
and with a very modest equipment investment. 

A groove gr inding device w a s  designed and b u i l t  which produces a 
pol ished c y l i n d r i c a l  groove i n  t h e  sur face  of t h e  s i l i c o n  wafer f o r  meas- 
ur ing  junct ion depths El]. 
convenient and faster than t h e  conventional angle lapping method c11. 
Preliminary s t u d i e s  of var ious s t a i n i n g  techniques f o r  de l inea t ing  junc- 
t i o n s  have been i n i t i a t e d .  (T .  Leedy) 

The grooving technique was found t o  be more 

A new hea t - t rea t ing  furnace and i ts  assoc ia ted  con t ro l  equipment w a s  
This furnace,  which has a working bore 

B. McDonald and A. Goetzberger, "Measurement of t h e  Depth of Diffused 
Layers i n  S i l i con  by t h e  Grooving Wethod," J. Electrochem. Soe. 

assembled and put i n t o  operation. 

1. 

109, 141-144 (1962). - 
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of about 7.5 c m ,  w i l l  accommodate f i f t e e n  2.5-cm diameter wafers wi th in  
its f l a t  zone. It has a maximum working temperature of 10IO°C, pm-  
v i s ion  f o r  atmospheres of dry hydrogen, helium, or ni t rogen ,  and aLlows 
considerable  f l e x i b i l i t y  i n  hea t  t r e a t i n g  evaporated aluminum f i l m s .  

(W. K. C r o l l  and J. Krawczyk) 

Severa l  c i r c u i t  ana lys i s  computer programs are being inves t iga t ed  t o  

Since 
determine t h e i r  usefulness  i n  e s t a b l i s h i n g  f a b r i c a t i o n  condi t ions for  
devices which may be requi red  f o r  research on measurement methods. 
t h e  effects of variati 'ons of d i f fus ion  concentrat ions on ga in  and fre- 
quency response may be predic ted ,  it is  poss ib l e  t o  t es t  var ious fabri- 
ca t ion  parameters p r i o r  t o  a c t u a l  cons t ruc t ion  of devices.  
computer programs has i ts  own advantages. 
of so lv ing  c i r c u i t  problems i n  t h e  frequency domain, and includes pro- 
v i s ions  fo r  s e n s i t i v i t y  t e s t i n g  and Monte Carlo ana lys i s .  ECAP C3l is  
charac te r ized  by i ts  ease of  computer programming and its a b i l i t y  t o  
so lve  problems i n  e i t h e r  t h e  frequency or t i m e  domain. CIRCUS C41 simu- 
lates t h e  t i m e  domain response of an e l e c t r o n i c  c i r c u i t  t o  an a r b i t r a r y  
fo rc ing  funct ion.  (T. F. Leedy) 

Each of t h e s e  
SNAP-I1 C21 has t h e  capab i l i t y  

Plans:  Mechanical work on t h e  photomasking camera should be com- 
p l e t ed  by t h e  end of t h e  next quar te r .  
niques for  junc t ion  de l inea t ion  w i l l  continue. 
w i l l  become opera t iona l  on t h e  NBS computer and f u r t h e r  s t u d i e s  of t h e i r  
a p p l i c a b i l i t y  t o  t h e  needs of  t h e  Program w i l l  be made. 

Further  s t u d i e s  of  s t a i n i n g  tech- 
The computer programs 

13. WIRE BOND EVALUATION 

Objective: To survey and eva lua te  methods f o r  cha rac t e r i z ing  wire  
bond systems i n  semiconductor devices and where necessary t o  improve 

2. T. D.  P r i c e ,  C. M. K i m m e ,  and J. R. Gliessman, "User's Manual f o r  
SNAP-I1 Computer Program," Prepared f o r  U. S. Naval Weapons Center,  
China Lake, Ca l i fo rn ia ,  by ARINC Research Corporation, Western 
Divis ion,  Santa  Ana, Cal i forn ia .  Publ ica t ion  474-01-1-909. 
(Avai lable  from Naval Weapons Center.) 

(ECAP) (1620-EE-02X) User's Manual," (Avai lable  from e i t h e r  IBM, 
Technical Publ ica t ions  Department, 1 1 2  E a s t  Post  Road, White P la ins ,  
N .  Y. 10601 or UNIVAC Division of Sperry Rand Corporation, P. 0. Box 
8100, Phi lade lphia ,  Pa. 19101.) 

Computer Program fo r  Transient  Analysis of  E lec t ron ic  Circuits--User 's  
Guide," Prepared f o r  U. S. Army Material Command, Harry Diamond Lab- 
oratories, Washington, D. C. 20438, by The Boeing Company, P. 0. Box 
3999, S e a t t l e ,  Washington, 98124, Publ ica t ion  346-1. 

3. IBM Application Program, "1620 E lec t ron ic  C i r c u i t  Analysis Program 

4. L. D. Milliman, W. A. Massena, and R. H. Dickhaut, "CIRCUS--A Dig i t a l  
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e x i s t i n g  methods or develop new methods i n  order  t o  de t ec t  more r e l i a b l y  
those  bonds which eventua l ly  w i l l  f a i l .  

Progress:  A new reques t ,  accompanied by a more d e t a i l e d  desc r ip t ion  
of p r o j e c t  requirements,  was sent  t o  t h e  Defense Documentation Center 
(DDC) f o r  a search of r e p o r t s  and work u n i t s  f o r  poss ib l e  inc lus ion  i n  
t h e  bibliography. DDC used a two-level search s t r a t egy :  only those 
r epor t s  and work un i t s  were s e l e c t e d  which were indexed i n  a t  least one 
category i n  each of t h e  two l e v e l s .  Level one contained t h e  ca tegor ies :  
semiconductor devices ,  i n t eg ra t ed  c i r c u i t s ,  and microelectronics .  Level 
t w o  contained t h e  ca tegor ies :  c i r c u i t  in te rconnec t ions ,  bonding, bonded 
j o i n t s ,  and u l t r a s o n i c  welding. A t o t a l  of 41 work u n i t s  and a r epor t  
bibl iography containing 357 e n t r i e s  were received from DDC. 
f ou r th  of t hese  work u n i t s  and e n t r i e S  were found t o  be o f  i n t e r e s t .  In  
consul ta t ion  with a DDC o f f i c i a l  it w a s  concluded t h a t  t h e  search  con- 
ducted had co l l ec t ed  a l l  r e p o r t s  of  i n t e r e s t  wi th in  t h e  l i m i t s  imposed 
by t h e  indexing. 

About one- 

The survey of t h e  jou rna l  l i t e r a t u r e  continued. A pa t en t  search w a s  
conducted which found 44 pa ten t s  of i n t e r e s t .  
graphic  search  w a s  s e n t  t o  t h e  R e l i a b i l i t y  Analysis Center [11. A l i s t  
of 93 re ferences  (DDC r e p o r t s ,  company r e p o r t s ,  and jou rna l  papers)  w a s  
rece ived  s h o r t l y  before  t h e  end of t h e  quar te r .  

A reques t  f o r  a b i b l i o -  

(H. A. Schaf f t  and E.  C. Cohen) 

The prepara t ion  of a d e t a i l e d  o u t l i n e  of t h e  c r i t i ca l  review survey 
paper is i n  progress .  (H. A. Scha f f t )  

Work on t h e  eva lua t ion  of aluminum ribbon w i r e  has continued during 
t h e  qua r t e r .  
1 - m i l  round w i r e  w a s  received from the  vendor. 
cent  s i l i c o n  and had a nominal t e n s i l e  s t r eng th  of 14 g. 
from t h e  same source as t h e  round wire  usedl in  comparisons and both had 
the  same s p e c i f i c a t i o n s  except f o r  dimensions. Experiments were made 
using var ious bonding t o o l s ,  u l t r a s o n i c  power l e v e l s ,  and bonding pres- 
sures .  
s i l i c o n  and s i l i c o n  oxide. 
with 14-g t e n s i l e  s t r eng th  produces bonds with s t a t i s t i c a l l y  similar p u l l  
s t r eng ths  t o  equivalent  round w i r e .  
condi t ions ribbon w i r e  r equ i r e s  lower absolu te  bonding force than round 
wire. I n  addi t ion ,  t h i s  is d i s t r i b u t e d  over a l a r g e r  area. Hence, hard 
w i r e  (>24-g t e n s i l e  s t r e n g t h ) ,  which would r e s u l t  i n  considerably g r e a t e r  
bond s t r e n g t h s ,  can be used without g r e a t e r  damage t o  t h e  semiconductor 
chip. 

1. 

New 1 .5  by 0.5-mil w i r e  which has t h e  same cross  sec t ion  as 

It w a s  obtained 
This w i r e  contained 1 per- 

The bonds were made t o  aluminum meta l l i za t ion  evaporated on both 
It w a s  found t h a t  t h e  present  r ibbon wire 

Under constant  u l t r a s o n i c  energy 

Hard ribbon wire  for such t e s t s  has been ordered. 

Administered for t h e  Department of Defense by t h e  Rome A i r  Develop- 
ment Center, U. s. A i r  Force, and operated f o r  t h a t  Center by t h e  
I I T  Reseamh I n s t i t u t e ,  1 0  West 35th S t r e e t ,  Chicago, I l l i n o i s  60610. 
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I n  add i t ion  t h e  bonding opera tor  f i n d s  ribbon w i r e  more convenient 
t o  use than round w i r e .  Ribbon w i r e  is easier t o  grasp with tweezers, 
and there  is  less chance of  damaging it i n  t h e  process.  The wire s t a y s  
centered under t h e  bonding t o o l  and accurate  center ing  on a s m a l l  pad i s  
easier and quicker.  (K. 0. Leedy) 

Near t h e  end of t h e  qua r t e r ,  work was i n i t i a t e d  on t h e  effect of 
me ta l l i za t ion  s i n t e r i n g  temperature on bond s t rength .  
pera tures  ranging from 425 t o  575OC i s  being inves t iga ted .  

S in t e r ing  a t  t e m -  

(W. K. C ro l l ,  K. 0. Leedy, and L. R. Williams) 

Severa l  methods of monitoring u l t r a s o n i c  parameters during the  bond- 
ing  opera t ion  w e r e  inves t iga ted .  
magnetic pickup placed near  t h e  tungsten carbide bonding too l .  
i s  weakly ferromagnetic since t h e  tungsten carb ide  p a r t i c l e s  are cemented 
with cobal t .  
ve loc i ty  or v i b r a t i o n a l  amplitude and hence an output  s i g n a l  t h a t  de- 
creases i n  amplitude during bond formation. Therefore,  t h i s  method a f fo rds  
some ind ica t ion  of bond qua l i ty .  There was some inconvenience i n  using 
t h i s  system while a c t u a l l y  making a bond because t h e  ava i l ab le  sh ie lded  
polar ized  magnetic pickup c o i l  was l a r g e r  than desired.  Further  work 
on t h i s  system has been postponed i i n t i l  a smaller co i l  can be  obtained. 

The first method used a non-contacting 
The t o o l  

The loading of t h e  bonding t o o l  r e s u l t s  i n  decreasing t o o l  

Another form of u l t r a s o n i c  parameter monitoring was s tud ied  by 
observing t h e  60-kHz vol tage appl ied  across  t h e  u l t r a s o n i c  t ransducer  
from a r e l a t i v e l y  high impedance source.  The t ransducer  which dr ives  t h e  
bonding t o o l  w a s  of t h e  n i c k e l  magnetos t r ic t ive  type having an acous t i ca l  
Q of about 100. 
e red  impedance of t h e  t ransducer  and a corresponding decrease i n  vol tage 
across  t h e  t ransducer .  Thus t h e  information on bond q u a l i t y  obtained by 
t h i s  method is  presumably similar t o  t h a t  which would be obtained with 
t h e  magnetic pickup system. 

The t o o l  loading during bond formation r e s u l t s  i n  low- 

A s  a t h i r d  approach, ceramic t ransducers  were placed a t  var ious 
poin ts  on t h e  u l t r a s o n i c  horn and on the  tungsten carbide bonding t o o l  
[ 2 ] .  The bond monitoring information obtained from t h i s  system w a s  s i m -  
i l a r  t o  t h e  o the r  methods. The high-impedance t ransducer  requi red  e lec-  
t r o s t a t i c  sh i e ld ing  t o  avoid s t r a y  pickup. 

The f i n a l  parameter monitoring experiment involved t h e  use  of a 
capac i tor  microphone t o  d e t e c t  t h e  u l t r a s o n i c  pressure  r ad ia t ed  from t h e  

2 .  S. Bonis, "Poseidon Semiconductor Captive Line Process Development," 
Progress Report, 16 September 1968 t o  15  November 1968, Report 
R68-4566, Raytheon Company, Space and Information Systems Division, 
Sudbury, Mass. 01776 (AD 844820L). 
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bonding t o o l  t i p  during bond formation C31. 
t i o n a l  extension cone damped with s i l i c o n  rubber and poly te t ra f luoro-  
e thylene t o  t h e  microphone allowed s u f f i c i e n t l y  high r e so lu t ion  t o  d e t e c t  
t h e  sound pressure  from a 0.5-mm diameter area loca ted  within 1 mm of 
t h e  bonding t o o l  t i p .  
t h e  u l t r a s o n i c  v ib ra t ion  t ransmi t ted  (from t o o l  through w i r e  i n t o  the  
chip)  from t h e  subs t r a t e .  
f u l  i n  bond monitoring, bu t  were experimentally awkward because o f  t h e  
phys ica l  s i z e  of t h e  ava i l ab le  u l t r a s o n i c  microphone. However, t h i s  is 
t h e  only simple way t h a t  one can measure a known parameter, sound pres- 
su re ,  which i s  d i r e c t l y  r e l a t e d  t o  t h e  bonding t i p  motion. 
methods measure an i n d i r e c t  parameter or a v i b r a t i o n  at  some po in t  remote 
from t h e  a c t u a l  bonding operat ion.  
wardness, t h e  capac i tor  microphone has beea s e l e c t e d  as t h e  primary means 
for studying t h e  bonding process and for understanding t h e  s ign i f i cance  
of var ious o t h e r  u l t r a s o n i c  bond monitoring methods. 

An a d d i t i o n a l  method of  s tudying t h e  u l t r a s o n i c  bonding t o o l  motion 
was considered. This cons i s t s  of r e f l e c t i n g  l i g h t ,  possibly a laser 
beam, off t h e  bonding t o o l  or horn and observing t h e  amplitude modula- 
t i on .  Commercial equipment e x i s t s  t h a t  is capable of such measurements. 
However, s i n c e  t h e  microphone method has s u f f i c i e n t  r e so lu t ion  for  t h e  
purpose, t h e  investment requi red  t o  set up t h e  o p t i c a l  system does no t  
appear t o  be warranted at  t h e  present  t i m e .  

Addition of a simple direc-  

A r e l a t e d  experiment w a s  performed by measuring 

Both procedures gave r e s u l t s  t h a t  may be use- 

The o ther  

Therefore,  desp i t e  i ts  phys ica l  awk- 

The ob jec t ive  of  t hese  u l t r a s o n i c  bond monitoring s t u d i e s  was t o  
assemble equipment and survey var ious poss ib l e  monitoring methods. 
s ta t is t ical  s tudy of t h e  r e s u l t i n g  bonds has y e t  been made and no s i n g l e  
method has been chosen as being p r a c t i c a l  f o r  in-process bond monitoring. 
A l l  of t hese  methods gave t h e  same q u a l i t a t i v e  r e s u l t s ,  although only t h e  
microphone gave r e s u l t s  i n  terms of known parameters. 
some information on t h e  bonding t o o l  loading as manifested by a change 
i n  t i p  v ib ra t ion  amplitude due t o  deformation of  t h e  w i r e .  
more in t ens ive  inves t iga t ion  can determine t h e  r e l a t i v e  s e n s i t i v i t y  of 
each method t o  s u b t l e  changes i n  bonding condi t ions.  

No 

A l l  methods give 

Only a much 

(H. K. Kessler) 

I n  s tudying any phys ica l  system, i n  t h i s  case the  u l t r a s o n i c  bonding 
system, it is  necessary t o  cha rac t e r i ze  t h e  important components i n  a way 
t h a t  is meaningful t o  t h e  end use. 
as t h e  optimum impedance of t h e  u l t r a s o n i c  power supply (cons tan t  cur ren t  
or constant  vo l tage)  o r  t h e  effect of  sweeping t h e  u l t r a s o n i c  d r i v e  fre- 
quency. To begin cha rac t e r i za t ion  of t h e  power supply,  resonance curves 
were made using a n i c k e l  magnetostr ic t ive t ransducer  including t h e  
tapered  horn and bonding t o o l .  
ured d i r e c t l y  i n  f r o n t  of t h e  bonding t o o l  t i p  using t h e  high-resolut ion 

There i s  no consensus on such subjects 

The u l t r a s o n i c  sound pressure  was meas- 

3.  N e i l  S c o t t ,  Hughes Aircraft Company, Newport Beach, Ca l i fo rn ia  92663, 
p r i v a t e  communication. 
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13. YlRE BOND EVALUATION 

extension cone on t h e  microphone. 
i n  t h e  d i r e c t i o n  of t h e  long i tud ina l  axis of t h e  horn. 
made at  both cons tan t  vol tage and cons tan t  cu r ren t  as a func t ion  of fre- 
quency. 
i t a l  frequency meter. 
t o o l  t i p  with var ious bonding t o o l  extensions as w e l l  as d i r e c t l y  o f f  
t h e  end of t h e  horn. 

This gave t h e  e n t i r e  system response 
Measurements were 

The frequency w a s  measured t o  wi th in  s e v e r a l  h e r t z  with a dig- 
Sound pressure  da t a  were taken d i r e c t l y  from t h e  

Typical  resonance curves are shown i n  Fig. 2. The electrical  Q of  
t h e  system as measured i n  t h e  e x t e r n a l  c i r c u i t  was about 130. 
obvious from Fig. 2 t h a t  t h e  a c o u s t i c a l  Q is s t rong ly  dependent on t h e  
impedance of  t h e  e x t e r n a l  dr iv ing  c i r c u i t .  
i n s e r t e d  i n  series with t h e  power supply w i l l  affect t h e  a c o u s t i c a l  Q 
appreciably.  
sharp: Q 270. For t h i s  case a d r iv ing  source with extremely s t a b l e  
frequency is required.  
could throw t h i s  system o f f  resonance. The constant  cur ren t  curve 
(h igher  impedance source)  has a lower Q ( =  140)  with a broad, almost f l a t ,  
top. Values of Q as low as 100 have been observed with s l i g h t l y  d i f f e r -  
en t  power supply c h a r a c t e r i s t i c s .  
d r i v e  would r e s u l t  i n  r e l a t i v e l y  cons tan t  u l t r a s o n i c  t o o l  motion even i f  
t h e  source frequency d r i f t e d  or a l a r g e  load were appl ied t o  t h e  bonding 
t o o l  

It is 

Even a small-value r e s i s t o r  

The constant  vo l tage  ( l o w  impedance source)  curve i s  very 

I n  add i t ion  heavy loading of  t h e  bonding t o o l  t i p  

It is apparent t h a t  constant  cur ren t  

The u l t r a s o n i c  microphone w a s  used t o  examine t h e  displacement 
amplitude of t h e  bonding too l  t i p  while t h e  t ransducer  w a s  dr iven i n  t h e  
swept-frequency mode with a r e l a t i v e l y  low Q system. 
t h e  displacement amplitude f o r  t h r e e  values  of t h e  cen te r  frequency, 
is  displayed i n  Fig. 3 .  
can t ly  by r e l a t i v e l y  small changes i n  the  cen te r  frequency. Thus, t o  
maintain reproducible  bonding condi t ions ,  it is  necessary both t o  have a 
s t a b l e  o s c i l l a t o r  and t o  exe rc i se  care i n  tuning t h e  u l t r a s o n i c  system 
even when t h e  swept-frequency mode is used. 

The envelope of 

f O ’  The shape of t h e  envelope can be changed s i g n i f i -  

While making t h e  above measurements it w a s  found t h a t  t h e  maximum 
t i p  v ib ra t ion  amplitude occurred at  a d i f f e r e n t  frequency from t h e  t rans-  
ducer resonance as ind ica t ed  by a cu r ren t  meter i n  series with t h e  t r ans -  
ducer c o i l .  Thus, it is apparent from t h e  swept-frequency oscil lograms 
and t h e  a c o u s t i c a l  resonance curves t h a t  r ega rd le s s  of  t h e  power supply 
c h a r a c t e r i s t i c s  an u l t r a s o n i c  microphone is almost e s s e n t i a l  f o r  tuning 
t h e  u l t r a s o n i c  system of a bonding machine. 

I n  add i t ion  t o  t h e  d e t a i l e d  resonance curve around t h e  normal 60-kHz 
opera t ing  frequency, t h e  broad frequency response of t h e  system w a s  
measured a t  t h e  v ib ra t ing  too l  t i p .  There were from 13  t o  18  o the r  
resonances between 7 and 90 kHz. Di f fe ren t  bonding t o o l  extensions do 
not  appreciably effect t h e  60-kHz resonant  frequency but  many of t h e  
o the r  resonances are dependent on s p e c i f i c  extension lengths ,  
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Fig. 3 Three osci l lograms of  t h e  sound pressure  from t h e  t i p  of a bond- 
ing  t o o l .  These p a t t e r n s  r e s u l t  from sweeping t h e  frequency of 
t h e  power supply by approximately 1200 Hz. The v e r t i c a l  a x i s  is 
propor t iona l  t o  bonding t o o l  displacement. The ho r i zon ta l  axis 
is t i m e  (1 ms/division).  The sweep per iod  is about 4 m s .  

60.50 kHz (manufactu&e>'s s p e c i f i c a t i o n ) .  
61.00 kHz (system w a s  tuned t o  g ive  maximum 
u l t r a s o n i c  output without sweeping). 
61.38 kHz ( p a t t e r n  least a f f ec t ed  by s l i g h t  
detuning of  t h e  cen te r  frequency).  

29 



13. WIRE BOW EVALUATION 

It has been repor ted  t h a t  t h e  resonant nodes of bonding t o o l s  can be 
seen by sp r ink l ing  lycopodium dust  over t h e  t o o l  [4I. 
may be more r ead i ly  ava i l ab le ,  have been found t o  perform t h e  same func- 
t i o n  [SI. The powder-delineated nodes have been c l e a r l y  observed by 
using t h e  u l t r a son ic  microphone with i ts  high-resolution extension t i p .  
With t h i s  system t h e  resonant maxima can a l s o  be c l e a r l y  observed. 
studying t h e  amplitude of t h e  sound pressure around t h e  perimeter of t h e  
bonding t o o l  it is expected t h a t  t o r s i o n a l  and o the r  modes of  v ib ra t ion  
can be observed. One common opinion is  t h a t  varying t h e  d r ive  frequency 
around t h e  resonance (sweeping or wobbling) may e x c i t e  such d i f f e r e n t  
v i b r a t i o n a l  modes (G. G. Harman) 

There are many advantages t o  b a l l  bonding as opposed t o  wedge bond- 

Other powders, t h a t  

By 

ing. 
ing  and occasional ly  f o r  u l t r a s o n i c  s t i t c h  bonding. 
not  e a s i l y  bond u l t r a son ica l ly .  If an aluminum b a l l  could be e a s i l y  and 
reproducib ly  formed on 1 - m i l  w i r e ,  then it should be poss ib le  t o  make 
s t rong  u l t r a s o n i c  b a l l  bonds. Because of oxide formation, aluminum does 
not b a l l  when flamed. 
a b a l l  a capac i tor  discharge across  a spark gap suppl ied t h e  necessary 
hea t  t o  m e l t  t h e  aluminum w i r e ,  and dry n i t rogen  prevented oxide forma- 
t i on .  There w a 5  more va r i -  
a b i l i t y  i n  t h e i r  diameter than would be des i red  f o r  production use,  but  
t h e  r e s u l t s  were s u f f i c i e n t l y  good t o  warrant continued inves t iga t ion .  

The b a l l  is commonly used with gold wire i n  thermocompression bond- 
However, gold does 

I n  a f e a s i b i l i t y  experiment performed t o  make such 

A number of good aluminum b a l l s  were made. 

(H. K. Kessler) 

Plans:  The co l l ec t ion  of papers f o r  t h e  bibliography, t h e  assign- 
ment of key words f o r  each en t ry ,  and t h e  indexes w i l l  be completed and 
t h e  typing of t h e  manuscript w i l l  be  under way by t h e  end of t h e  next 
quar te r .  Work on t h e  cr i t ical  review paper w i l l  continue. 

Inves t iga t ion  of t h e  t e n s i l e  s t r eng th  of w i r e  and w i r e  bond systems 
after burn-in a t  various temperatures w i l l  continue. 
v ices  w i l l  be operated f o r  g r e a t l y  extended per iods i n  order  t o  s imulate  
normal system operation. 
s eve ra l  d i f f e r e n t  sources.  Cross co r re l a t ions  w i l l  be made between t h e  
optimum-angle p u l l  s t r eng th ,  t h e  loop he ight ,  and t h e  length of normal 
s t i t c h  bonds with t h e  use of t h e  hot-melt-glue bond p u l l e r .  The work 
on ribbon w i r e  w i l l  resume when new, harder  w i r e  is received. The effect 
of me ta l l i za t ion  s i n t e r i n g  t i m e  and temperature on u l t imate  w i r e  bond 
s t r eng th  w i l l  continue. 

I n  some cases de- 

These tests w i l l  include wire obtained from 

4. S. Bonis, "Poseidon Semiconductor Captive Line Process Development," 
Progress Report, 16 November 1968 t o  15  March 1969, Report R69-4198, 
Raytheon Company, Space and Information Systems Division, Sudbury, 
Mass. 01776. 
Such as S h e l l  VPI #250, S h e l l  O i l  Company, New York, New York 5. 10020. 
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13. WIRE BONO EVALUATION 

Sevei7al u l t r a s o n i c  bond monitoring systems w i l l  be inves t iga t ed  i n  
g r e a t e r  d e t a i l  with emphasis on the  use of an u l t r a s o n i c  microphone i n  an 
e f f o r t  t o  ob ta in  a fundamental understanding of  such systems. Ultimately 
t h e  r e s u l t s  w i l l  be compared with wire p u l l  and "push" t e s t s .  A high- 
cu r ren t  pu lse  method f o r  nondestruct ive wire bond t e s t i n g  w i l l  be in-  
ves t iga t ed  and t h e  f e a s i b i l i t y  s tudy of aluminum wire b a l l  formation w i l l  
be concluded. 

14. DIE ATTACHMENT EVALUATION 

Objective: To eva lua te  methods f o r  t h e  de t ec t ion  of poor d i e  
attachment i n  semiconductor devices with i n i t i a l  emphasis on t h e  deter-  
mination of  t h e  a p p l i c a b i l i t y  of thermal measurements t o  t h i s  problem. 

Progress:  
eva lua t ing  t h e  uniformity and q u a l i t y  of  semiconductor device d i e  a t tach-  
ment w a s  continued. This search i s  being c a r r i e d  out  i n  conjunction with 
t h e  Wire Bond Evaluation search ( s e e  Sect ion 13). 
t i o n  concerned with both t h e  manufacturing and u t i l i z a t i o n  of semiconduc- 
t o r  devices was v i s i t e d  t o  d iscuss  t h e  techniques used t o  de t ec t  poor 
d i e  attachment. The information gathered thus far  ind ica t e s  t h a t  not  
only is  a p r e c i s e  d i e  bond eva lua t ion  technique needed bu t  a l s o  a more 
repea tab le  technique f o r  making d i e  bonds themselves. 

The l i t e r a t u r e  search on the  techniques u t i l i z e d  i n  

An i n d u s t r i a l  organiza- 

X-ray equipment capable of  conveniently de tec t ing  voids i n  t h e  d i e  
attachment was i n s t a l l e d  and i s  opera t iona l .  Radiographs can be made on 
a v a r i e t y  of f i l m  types and s i z e s .  (E'. F. Oet t inger )  

Plans:  The l i t e r a t u r e  search on t h e  techniques u t i l i z e d  i n  evalu- 
a t i n g  t h e  uniformity and q u a l i t y  of semiconductor device d i e  attachment 
w i l l  continue.  Radiographic s t u d i e s  of var ious chip and packaging con- 
f i g u r a t i o n s  w i l l  be  made t o  determine p r a c t i c a l  s i z e s  and loca t ions  for 
voids.  
t r o l l e d  voids w i l l  begin. 

Following these  s t u d i e s  f a b r i c a t i o n  of tes t  diodes with con- 

15. NASA MEASUREMENT METHODS 

Objective: To review e x i s t i n g  semiconductor tes t  method s tandards 
for materials and process con t ro l  measurements and t o  prepare in te r im 
tes t  methods i n  a s tandard  format as may be appropriate .  

Progress:  A d r a f t  of an in t e r im  method f o r  measuring oxide and 
me ta l l i za t ion  th ickness  has been completed and has  been s e n t  t o  t h e  
NASA Elec t ronics  Research Center f o r  review. 
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15. NAsA MEASUREMENT METHODS 

Responses were t abu la t ed  f o r  t h e  ASTM Committee F-1 ques t ionnai re  
on use and adequacy of ASTM standards f o r  microc i rcu i t  processing. 
The t abu la t ion  has been s e n t  t o  t h e  ASTM Committee F-1 Chairman and is 
cons i s t en t  with t h e  prel iminary conclusions repor ted  previously (NBS 
Tech. Note 475, p. 24) .  (W. E. P h i l l i p s )  

A review of NASA test  methods [l] w a s  completed and s e n t  t o  t h e  NASA 
Elec t ronics  Research Center. 

Information on var ious leak  t e s t i n g  methods curren-cly i n  use or 
proposed ljy NASA, t h e  m i l i t a r y  and o the r  organiza t ions  w a s  assembled and 
presented t o  ASTM Committee F-1. The Committee w i l l  modify e x i s t i n g  
t e n t a t i v e  and d r a f t  methods as a r e s u l t  of t h i s  a c t i v i t y .  (W. M. B u l l i s )  

Plans:  I n  connection with o t h e r  t a s k s ,  procedures f o r  determining 
junc t ion  depth ( see  Sec t ion  1 2 )  and conduct ivi ty  of t h i n  metallic f i l m s  
w i l l  be reviewed. 
i n  t h e  development of s tandard  procedures f o r  l eak  t e s t i n g .  

Addit ional  a s s i s t ance  w i l l  be  given ASTM Committee F-1 

1. " T e s t  Standards f o r  Microcircui ts ,"  Draft of NASA-STD-XX-3, December 
1, 1968.  
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METHODS OF MEASUREMENT FOR SEMICONDUCTOR DEVICES 

16. SECOND BREAKDOWN 

Objective: To maintain an awareness of progress  i n  t h e  f i e l d  of 
second breakdown and t o  assist both manufacturers and users  of semicon- 
ductor  junc t ion  devices i n  t h e  development and use of meaningful speci-  
f i c a t i o n s  f o r  maximum opera t ing  condi t ions free from second breakdown. 

Progress:  
w a s  completed and submitted t o  t h e  task  group of  t h e  JEDEC Committee on 
Power Trans i s to r s ,  JS-6, respons ib le  f o r  wr i t i ng  a chapter  t i t l e d  "Users 
Guide f o r  Power Transistors. ' '  
suggested s tandard t o  be t i t l e d  "Recommended Standards for  Power Tran- 
s i s t o r s  .?! 

The first d r a f t  of t h e  manuscript on "Fai lure  Modes" 

This chapter  is t o  be p a r t  of a JEDEC 

A d e f i n i t i o n  f o r  second breakdown w a s  proposed t o  Committee JS-6 
f o r  poss ib le  use i n  "Recommended Standards f o r  Power Trans is tors"  and t o  
t h e  t echn ica l  adv i se r  t o  t h e  U. S. National Committee of  IEC Technical 
Committee N o .  47 on Semiconductor Devices. (H.  A. Scha f f t )  

Plans: Assistance w i l l  be given t o  t h e  JS-6 group i n  t h e  r ev i s ion  
of t h e  i n i t i a l  d r a f t s  of  t h e  chapter  "Users Guide f o r  Power Transis tors" .  

The review of t h e  s t a t u s  of t h e  second breakdown f i e l d  with p a r t i -  
c u l a r  emphasis on radiation-induced e f f e c t s  w i l l  begin after work on t h e  
w i r e  bond bibl iography and survey is complete ( see  Sect ion 13). 

17.  THERMAL PROPERTIES OF DEVICES 

Objective: To eva lua te  and, i f  necessary,  improve electrical  meas- 
urement techniques f o r  determining t h e  thermal c h a r a c t e r i s t i c s  of semi- 
conductor devices.  

Progress:  The l i t e r a t u r e  search and t h e  review of t h e  methods of 
measurement of thermal r e s i s t a n c e  and t r a n s i e n t  thermal response of s e m i -  
conductor devices were continued. Since thermal r e s i s t a n c e  alone,  e i t h e r  
s teady-s ta te  or t r a n s i e n t ,  is inadequate f o r  f u l l y  cha rac t e r i z ing  thermal 
performance of semiconductor devices ,  t h e  scope of t h e  l i t e r a t u r e  search 
has been expanded t o  include articles on o the r  semiconductor p rope r t i e s  
which contain information of  value i n  understanding thermal behavior.  

(M. Sigman and F. F. Oet t inger )  

The c i r c u i t  modif icat ions t h a t  were made t o  reduce t h e  switching 
t r a n s i e n t s  caused by t h e  terminat ion of t h e  power pulse  were only par- 
t i a l l y  successfu l ,  bu t  measurements can be made wi th in  15 ps af ter  t h e  
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terminat ion of t h e  power pulse ,  which is s u f f i c i e n t  for presen t  s tud ie s .  
It was also found t h a t  f o r  temperatures above 5OoC increas ing  t h e  low- 
l e v e l  metering cu r ren t  (from 0.5 t o  1.0 ITA f o r  25- and 35-W t r a n s i s t o r s )  
d id  not  appreciably change t h e  s lope  of t h e  c a l i b r a t i o n  curve (forward- 
b iased  base-emitter vo l t age ,  VBE, versus  temperature).  

Measured values  of thermal r e s i s t a n c e ,  R o y  and of d-c cu r ren t  ga in ,  
hFE,, were compared when they w e r e  p l o t t e d  as func t ions  of power d i s s i -  
pa t ion  f o r  a given device.  
of measurements were observed a t  corresponding operat ing poin ts .  
example of such curves is shown i n  Fig. 4 f o r  a power . t rans is tor  r a t e d  
a t  35-W maximum d i s s i p a t i o n  with t h e  case he ld  a t  25OC. 
measurements t h e  t r a n s i s t o r  under t e s t  w a s  operated i n  a common-emitter 
configurat ion with a va r i ab le  constant-current  source i n  t h e  base. The 
c o l l e c t o r  cu r ren t  was held constant  by varying t h e  base cu r ren t  as t h e  
co l l ec to r - emi t t e r  vol tage w a s  var ied.  The hFE was determined from t h e  
r a t i o  of c o l l e c t o r  t o  base cur ren t .  Thermal r e s i s t a n c e  was measured 
using VBE as t h e  temperature i n d i c a t o r  by i n t e r r u p t i n g  t h e  c o l l e c t o r  
vol tage supply and simultaneously reducing the  base d r i v e  t o  t h e  re- 
quired low-level metering cur ren t .  

Abrupt changes i n  t h e  curves f o r  both types 
An 

In  making these  

I n  a f u r t h e r  measurement made using thermographic phosphors t o  
de t ec t  hot-spot formation it w a s  observed t h a t  ho t  spots  developed a t  
opera t ing  condi t ions corresponding t o  those  a t  t h e  appearance of t h e  
abrupt  changes i n  RQ and hFE. 

The curves of hFE versus power i l l u s t r a t e  t h e  fact t h a t  u n t i l  t h e  
poin t  of abrupt change is reached t h e  increase  i n  h YE is  almost e n t i r e l y  
due t o  temperature e f f e c t s  for t he  type of i n t e r d i g l t a t e d  t r a n s i s t o r  
s t r u c t u r e  s tud ied .  Below the  abrupt change, wi th in  t h e  experimental  
e r r o r  of t h e  procedures, a l l  t h e  curves are approximately coincident .  
a given absc i s sa  t h e  power d i s s i p a t i o n ,  and hence the  ind ica ted  tempera- 
t u r e ,  is  t h e  same f o r  a l l  fou r  curves although t h e  vol tages  and cur ren ts  
vary widely from curve t o  curve. 
is the re fo re  pr imar i ly  a funct ion of t h e  temperature r a t h e r  than of col- 
l e c t o r  vol tage or curren t .  
t h e  increase  i n  the  s lope  of hFE versus power which appears somewhat be- 
f o r e  t h e  abrupt change could be evidence of charge carrier mul t ip l ica t ion .  
The p l o t t e d  da t a  a l s o  i n d i c a t e  t h e  f a c t  t h a t  t h e  device is more sus- 
c e p t i b l e  t o  l a te ra l  thermal i n s t a b i l i t i e s  a t  t h e  high voltage-low cur- 
r e n t  operat ing condi t ion than a t  the  high current-low vol tage con- 
d i t i o n  [l]. 

A t  

The change i n  hFE with increas ing  power 

I n  t h e  case of t h e  100- and 200-mA curves,  

I f  t h e  observed c o r r e l a t i o n  between hFE and Rg ex i s t s  for o the r  
t r a n s i s t o r  types ,  t h e  use of hFE measurements may provide both t h e  user  

1. D.  Navon and E. A. Miller, "Thermal I n s t a b i l i t y  i n  Power Trans i s to r  
S t ruc tu res  ,I1 SoZCd-State EZectroPzics - 12, 69-78 (1969). 
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Fig. 4 D-c  cu r r en t  gain and thermal r e s i s t a n c e  versus  power d i s s ipa t ion  
for a 3 5 4  s i l i c o n  n-p-n t r a n s i s t o r .  
t h e  s p e c i f i e d  maximum opera t ing  areas for t h e  device. 

A l l  da t a  po in ts  were wi th in  
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17. THERMAL PROPERTIES OF DEVICES 

and supp l i e r  of devices with a more convenient screen for thermal in- 
s t a b i l i t i e s  than t h e  d i f f i c u l t  and lengthy measurement of Re.  

(S .  Rubin, R. L. G ladh i l l ,  and F. F. Oet t inger )  9 

Plans: The l i t e r a t u r e  search w i l l  continue.  Writing of  t h e  review 
paper on t h e  methods f o r  measurement of thermal r e s i s t a n c e  and t r a n s i e n t  
thermal response of  semiconductor devices w i l l  begin. 

Work w i l l  continue t o  determine t h e  ex ten t  of  t h e  c o r r e l a t i o n  be- 
tween hF 
d i f fe ren?  geometry and s t r u c t u r e .  
r e l a t e d  with thermographic s t u d i e s  of  t h e  uncased t r a n s i s t o r s  ( see  
Sect ion 1 8 ) .  
con t ro l  of t h e  c o l l e c t o r  cur ren t  by providing a servo-loop t o  con t ro l  t h e  
base d r ive  so  t h a t  t h e  c o l l e c t o r  cu r ren t  w i l l  r.emain constant  during t h e  
vol tage  sweep. This w i l l  allow an inves t iga t ion  of t h e  r e p e a t i b i l i t y  of  
t h e  da t a  f o r  t h e  same, and f o r  d i f f e r i n g ,  sweep speeds. 

and Re as measured by t h e  VBE technique on t r a n s i s t o r s  with 
The r e s u l t s  obtained w i l l  be cor- 

The hFE tes t  apparatus w i l l  be modified t o  provide automatic 

18. THERMOGRAPHIC MEASUREMENTS 

Objective: To eva lua te  t h e  u t i l i t y  of thermographic techniques f o r  
de t ec t ion  of ho t  s p o t s  and measurement of temperature d i s t r i b u t i o n  i n  
semiconductor devices.  

Progress:  A photometric microscope has been s u b s t i t u t e d  f o r  t h e  
camera f o r  recording t h e  l i g h t  output of t h e  thermographic phosphors. 
The equipment has been used t o  obta in  q u a l i t a t i v e  r e s u l t s  which i n d i c a t e  
t h a t  temperature d i f f e rences  on t r a n s i s t o r  chips  can be recorded. Quan- 
t i t a t i v e  r e s u l t s  must await modif icat ion of  t h e  equipment t o  e l imina te  
a l l  extraneous v i s i b l e  l i g h t  from t h e  microscope system. 

(G. J. Rogers and F. F. Oet t inger )  

Plans:  After modif icat ion of t h e  photometric microscope system i s  
completed, t h e  equipment w i l l  be used t o  record temperature d i s t r i b u t i o n s  
on the  su r face  of t r a n s i s t o r  chips .  These r e s u l t s  w i l l  be compared with 
t h e  r e s u l t s  obtained by e l e c t r i c a l  measurements using hFE and VBE as 
temperature-sensi t ive parameters. S tudies  of t h e  s p a t i a l  r e so lu t ion  and 
temperature r e so lu t ion  of t h e  phosphors w i l l  be resumed. 

19. MICROWAVE DIODE MEASUREMENTS 

Objective: To s tudy t h e  problems and u n c e r t a i n t i e s  assoc ia ted  with 
measurement of microwave mixer diode p rope r t i e s  and t o  improve t h e  
methods of measurement f o r  s e l e c t e d  c h a r a c t e r i s t i c s .  
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19. MICROWAVE DlOOE MEASUREMENTS 

Progress: Technical a c t i v i t y  on t h i s  t a s k  has been defer red  u n t i l  
t h e  negot ia t ions  t o  determine t h e  p r i o r i t y  of s p e c i f i c  problems t o  be  
s tud ied  are complete. 
of  t h e  E lec t ron ic  I n d u s t r i e s  Associat ion,  t h e  Defense E lec t ron ic  Supply 
Center,  t h e  IEEE Microwave Theory and Technique Group, t h e  Defense.At0mi.c 
Support Agency, t h e  A i r  Force Weapons Laboratory, t h e  Naval E lec t ron ic  
Systems Command, t h e  Navy Applied Science Laboratory, t h e  A i r  Force 
Material Laboratory, t h e  A i r  Force Avionics Laboratory,  and o the r s  t o  
determine f u r t h e r  t h e  na tu re  of t h e  work which is  t o  be undertaken i n  
t h i s  area. (R. C. Powell) 

Discussions have been he ld  with r ep resen ta t ives  

Plans: Negotiations w i l l  be continued. Detai led s t u d i e s  are ex- 
pected t o  begin la te  next  quar te r .  

20. SILICON NUCLEAR RADIATION DETECTORS+ 

Objective: T o  conduct a program o f  research ,  development, and de- 
v ice  evaluat ion i n  t h e  f i e l d  of s i l i c o n  nuc lear  r a d i a t i o n  de tec to r s  with 
emphasis on t h e  improvement of de t ec to r  technology, and t o  provide con- 
s u l t a t i o n  and spec ia l i zed  device f ab r i ca t ion  se rv ices  t o  t h e  sponsor. 

Progress:  The chamber f o r  t h e  thermal cyc l ing  and l i f e - t e s t i n g  of 
de t ec to r s  under space-simulated condi t ions has been assembled, baked ou t ,  
and evacuated t o  a pressure  of approximately t o r r .  Electrical  
wir ing and i n s t a l l a t i o n  of t h e  u n i t ,  which w i l l  provide thermal cycl ing 
f o r  t h e  de t ec to r s  between -20 and t5OoC, remain t o  be completed. Equip- 
ment is being obtained for t h e  system which w i l l  automatical ly  monitor 
t h e  leakage cur ren t  and no i se  of de t ec to r s  while i n  s torage  under b i a s .  
The p r i n c i p a l  problem a n t i c i p a t e d  with- t h i s  system is t h e  excessive noise  
from t h e  e l abora t e  switching network during t h e  measurement of  de t ec to r  
noise .  C i r cu la r ,  f inger- type sp r ing  contac ts  were designed and made f o r  
mounting S i ( L i )  de t ec to r s  i n  t h e  IMP-I r a d i a t i o n  de tec to r  te lescopes.  
Assis tance was’provided t o  t h e  sponsor with t h e  t e s t i n g  and evaluat ion of 
t h e  de t ec to r s  f o r  t h e  IMP-I te lescopes.  

The s e n s i t i v e  faces of two d i f f e r e n t  types of 2-mm t h i ck  S i ( L i )  
de t ec to r s ,  each with double concent r ic  grooves which def ine  an annular  
guard-ring de tec to r  surrounding t h e  c e n t r a l  c i r c u l a r  de t ec to r ,  were 
scanned with a 1-mm diameter beam of  l i g h t  from a pulsed G a A s  l i g h t -  
emi t t ing  diode. 
between t h e  c e n t r a l  d e t e c t o r  and t h e  annular  de t ec to r .  

The ob jec t ive  w a s  t o  determine t h e  amount of  c ross - ta lk  
The response of 

I 

t SuppQrted by Goddard Space F l i g h t  Center,  National Aeronautics and 
Space Administration. (NBS Pro jec t  4254429) I r r a d i a t i o n s  were 
carried out  a t  Goddard Space F l i g h t  Center. 
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Fig. 5 Rela t ive  pulse  he ight  response of two S i ( L i )  de t ec to r s  t o  a col-  
l imated beam from a .pu l sed  G a A s  l igh t -emi t t ing  diode scanned 
along t h e  diameter of t h e  s e n s i t i v e  sur face .  Each de tec to r  has 
a c e n t r a l  region (1) which is  used t o  d e t e c t  r a d i a t i o n  inc ident  
normal t o  t h e  s e n s i t i v e  su r face  and an annular  region (2 )  which 
i s  used as an anti-coincidence d e t e c t o r  f o r  r a d i a t i o n  en te r ing  
from t h e  s i d e  o f  t h e  device. 
region (1) and a s m a l l  response from each region a t  t h e  t r a n s i t i o n  
po in t  is sought i n  these  de tec tors .  

A l a r g e  uniform response throughout -. 
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20. SILICON NUCLEAR RADIATION DETECTORS 

each region i n  terms of pu lse  he ight  as a func t ion  of beam pos i t i on  along 
a diameter is shown i n  Fig.  6. A c ross -sec t iona l  view of each de tec to r  
(drawn t o  s c a l e )  is shown below each scan. 
i n  Fig. 6 ( b )  could be caused by a nonuniformity i n  t h e  l a y e r  of metal- 
l i z a t i o n  appl ied  on t h e  s e n s i t i v e  su r face ,  incomplete deple t ion  of t h e  
s i l i c o n  near  t he  sur face ,  or poor charge c o l l e c t i o n  i n  t h e  deple t ion  
region due t o  inhomogeneities i n  t h e  c r y s t a l .  

The i r r e g u l a r  response shown 

E f f o r t s  on t h e  s tudy of  t h e  c o r r e l a t i o n  of  c a r r i e r  lifetime i n  si l i-  
con with t h e  c h a r a c t e r i s t i c s  of  de t ec to r s  made from t h e  same material 
have been concentrated i n  t h e  area of  diode recovery measurements of 
carrier l ifetime ( see  Sect ion 3 ) .  ( B .  H. Audet) 

A s  p a r t  of t h e  continuing inves t iga t ion  of  t h e  effects of r a d i a t i o n  
damage i n  s i l i c o n  d e t e c t o r s  by protons and e l ec t rons ,  a s tudy has been 
made of t h e  response of two 1-mm th i ck  s i l i c o n ,  sur face-bar r ie r ,  t o t a l l y  
depleted de tec to r s  t o  r a d i a t i o n  dama e by 1-MeV e l ec t rons ,  which have a 

de tec to r  and on t h e  ohmic contac t  of  t h e  o the r  de t ec to r  were i r r a d i a t e d  
with f luences up t o  1 0 l 5  electrons/cm2. 

range of 1 .5  mm i n  s i l i c o n .  A 20-mm !! spo t  on t h e  b a r r i e r  contac t  of one 

A f t e r  i r r a d i a t i o n  of t h e  b a r r i e r  contac t  with 3 x 10l3 electrons/cm2 
t h e  de t ec to r  leakage cu r ren t ,  capaci tance,  and noise  increased sharp ly  a t  
t h e  normal operat ing vol tage.  Decreasing c o l l e c t i o n  e f f i c i ency  f o r  a lpha 
p a r t i c l e s  i nc iden t  on the  b a r r i e r  contac t  w a s  observed with increas ing  
f luence.  However, counting with alpha p a r t i c l e s  through t h e  ohmic con- 
tact of t h i s  device w a s  degraded only s l i g h t l y  f o r  f luences  up t o  1014 
e l e  c t  rons / cm2 . 

When t h e  ohmic contac t  of t h e  o t h e r  device w a s  i r r a d i a t e d  with elec-  
t r o n s ,  a slow increase  i n  de t ec to r  leakage cu r ren t ,  capacitance,and noise  
was observed with increas ing  f luence.  
a lpha particles inc iden t  on e i t h e r  contac t  w a s  changed very l i t t l e  f o r  
f luences t o  1015 electrons/cm2. These r e s u l t s  a r e  similar t o  previous 
observat ions i n  which t h e  e l ec t rons  d id  not pene t r a t e  through t h e  e n t i r e  
de t ec to r ;  r a d i a t i o n  is more de t r imenta l  t o  su r face -ba r r i e r  de t ec to r s  when 
it is inc iden t  on t h e  b a r r i e r  contac t .  ( Y .  M. Liu and J. A. Coleman) 

The c o l l e c t i o n  e f f i c i ency  f o r  

Plans: Establishment of t h e  de t ec to r  s to rage  and monitoring system 
and t h e  high-vacuum tes t  chamber fac i l i t i es  w i l l  continue.  
t h e  noise  cont r ibu t ion  of t h e  switching network w i l l  be emphasized. 
Addit ional  de t ec to r s  f o r  t h e  IMP-I t e lescopes  w i l l  be t e s t ed .  
of t h e  r e s i s t i v i t y ,  carrier lifetime, oxygen content ,  and l i th ium ion  
mobil i ty  i n  a 50-mm diameter,  d i s loca t ion- f ree  s i l i c o n  c r y s t a l  w i l l  be 
undertaken. 
t e c t o r s  w i l l  be s tud ied .  
energy (ClO-keV) e l ec t rons  w i l l  be evaluated. 

A s tudy of 

Evaluat-ion 

Radiation damage by 400-keV e l ec t rons  i n  sur face-bar r ie r  de- 
The s e n s i t i v i t y  of  avalanche de tec to r s  t o  low- 
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Appendix C 

SOLID-STATE TECHNOLOGY E FABRICATION SERVICES 

Technical s e rv i ces  i n  areas of competence are provided t o  o t h e r  NBS 
Usually a c t i v i t i e s  and o ther  government agencies as they are requested.  

t hese  are short-term, spec ia l i zed  se rv ices  t h a t  cannot be obtained 
through normal commercial channels. 
las t  qua r t e r  are l i s t e d  below and ind ica t e  t h e  kinds of technology a v a i l -  
a b l e  t o  the  program. 

Such se rv ices  provided during t h e  

1. H a l l  effect samples - ( H .  K. Kessler)  
Ohmic contac t  do t s  were appl ied t o  
fect samples f o r  t h e  Harry Diamond 

e p i t a x i a l  G a A s  H a l l  ef- 
Laborator ies .  

2. Radiation de tec to r s  - ( B .  H. Audet and A. H. Sher) 
A 3-mm t h i c k  Al-p-Si sur face-bar r ie r  s i l i c o n  d e t e c t o r  which 
operated successfu l ly  a t  l i q u i d  helium temperature w a s  made 
f o r  t h e  Nuclear Spectroscopy Sect ion.  
vided t o  the  Center for Radiation Research i n  developing and 
t e s t i n g  s p e c i a l  Ge(Li) gama-ray de tec to r s .  

Assistance w a s  pro- 

3. Quar tz  and g l a s s  f a b r i c a t i o n  - (E.  I .  Klein)  
Various glass-to-metal seals were prepared fo r  s e v e r a l  
groups. 
w a s  c a r r i e d  out  f o r  t h e  Metrology Division. 

A programmed annealing of  s p e c i a l  qua r t z  specimens 
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J O I N T  PROGRAM PUBLICATIONS * 

P r i o r  Reports : 

"Methods o f  Measurement f o r  Semiconductor Materials, Process Con- 
t r o l ,  and Devices, Quarter ly  Report, Ju ly  1 t o  September 30, 1968,'' NBS 
Tech. Note 472, December, 1968. 

"Methods of Measurement f o r  Semiconductor Materials, Process Con- 
t r o l ,  and Devices, Quarter ly  Report, October 1 t o  December 31, 1968," 
NBS Tech. Note 475, February, 1969. 

"Methods of Measurement for Semiconductor Materials, Process Con- 
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THE NATIONAL ECONOMIC GOAL 
Sustained maximum growth in a free 
marke t  economy, without inflation, 
under conditions of full employment 
and equal opportunity 

THE DEPARTMENT OF COMMERCE 
The historic mission of the Department 
is "to foster, promote and develop the 
foreign and domestic commerce" of the 
United States. This has evolved, as a 
result of legislative and administrative 
additions, to encompass broadly the re- 
sponsibility to foster, serve and promote 
the nation's economic development and 
technological advancement, The Depart- 
ment seeks to fulfill this mission through 
these activities: 

MISSION AND 
FUNCTIONS 
OF THE 
DEPARTMENT OF 

"to foster, serve and 
promote the nation's 
econo m ic develop men t 
and technological 
advancement" 

Participating with 
other government 
agencies in the 
creation of national 
policy, through the 
President's Cabinet 
and itssubdivisions. 

0 Cabinet Committee 
on Economic Policy 

.Urban Affairs 
Council 

*Environmental 
Quality Council 

Promoting progressive Assisting states, Strengthening Assuring effective . Acquiring, analyzing 
business policies and communities and use and growth of the and disseminating 
growth. individuals toward economic position nation's scientific information concern 

economic progress. of the United and technical ing the nation and 
0 Business and States. resources. the economy to hell 

Defense Services 0 Economic achieve increased 
Administration Development @Bureau of 0 Environmental social and economic 

Services 0 Regional Planning *Bureau of 

the international 

Administration International Science Services benefit. 

Commissions 0 Office of Foreign 0 Patent Office the Census 

Business Enterprise Standards Economics 
0 Office of Foreign 

Direct Investments 0 Office of 

e United States 
Travel Service 

e Maritime 
Administration 

0 Office of Field Commerce Administration 

Commercial 
@Office of Minority Services 0 National Bureau of .Office of Business 

Telecommunications 

Technical Services 
0 Office of State 

NOTE: This schematic is neither an organization chart nor a 
program outline for budget purposes. It is a general statement 
of the Department's missiqn in relation to the national goal 
of economic development. 
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